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Abstract 
Nanotube arrays, composed of materials such as carbon, titania, and zinc oxide, have shown 
potential as conductors, energy conversion devices, actuators, and adhesives.  Such nanoscale 
constructs are particularly novel for their high area-to-volume and length-to-diameter aspect 
ratios that lead to physical and chemical properties more interesting than their bulk counterparts.  
However, the stimuli-responsiveness of nanotube arrays has seldom been explored, mostly due to 
the inertness of the materials typically utilized to create them.   
Here I introduce a new concept of designing and synthesizing surface-bound stimuli-
responsive polymer nanotubes with dynamic mechanical properties.  Polyelectrolyte multilayers 
(PEMs) composed of poly(allylamine hydrochloride) and poly(acrylic acid) were chosen as the 
nanotube building blocks for their ability to undergo pH-triggered swelling-deswelling 
transitions.  The swelling behavior was first demonstrated in the in situ synthesis of gold 
nanoparticles in the PEM; upon suitable post-assembly treatment, the PEM undergoes substantial 
molecular rearrangements that generate free amine groups available for gold salt binding.  
Characterization of the size and distribution of the gold nanoparticles as a function of assembly 
condition and post-assembly treatment, and in situ ellipsometry thickness measurement of the 
PEM film during the swelling transition provided further insights into the swelling behavior.  
These studies ultimately led to the design and synthesis of reversibly swellable PEM nanotube 
arrays via layer-by-layer assembly on porous templates.  The template-based approach allows 
straightforward control over the length, diameter, orientation and lateral arrangement of the 
resultant tube array, which can be challenging with other synthesis methods.  Activation of the 
swelling transition resulted in dramatic changes in the length and diameter of the tube arrays as 
characterized in situ via confocal laser scanning microscopy, and in the effective modulus of the 
nanotube arrays as measured by AFM-based nanoindentation.  Parallel to experimental work, 
finite element analysis of simulated indentation on the nanotube arrays showed deformation 
mechanisms and a discontinuous stress-and-strain field different than that of a flat film.  
Template-based nanotube synthesis is further applied to the assembly of nanotubes with thermal- 
and magnetic-responsiveness, as well as incorporating cell-receptor-interacting biopolymers. 
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Chapter 1 Introduction 
 
 
Motivation 
Advances have been made in the design and synthesis of nanomaterials in various shapes such 
as spheres1, tubes2, belts3 and wires4.  When created in the form of surface bound arrays and 
composed of materials such as carbon2, zinc oxide5, peptides6, and polyelectrolytes1, 7, such 
nanoscale constructs have shown potential as conductors8, energy conversion devices4, 
actuators9, gecko-feet-like adhesives10, flow sensors11, and drug releasing agents12.  However, the 
stimuli-responsiveness of surface-bound nanoarrays has seldom been explored, mostly due to the 
inertness of many of the materials typically utilized to create them.   
On the other hand, a wide range of stimuli-responsive materials, mostly in bulk form, have 
been designed and shown to exhibit technologically useful responses such as switchable 
wettability13, magnetic-assisted drug delivery14, 15, temperature-stimulated volume transitions16, 
and photomechanical actuation17.  The synthesis of such materials in the form of nanotube/wire 
arrays could generate stimuli-mediated responses that may be more interesting than their bulk 
counterparts, owing to their high area-to-volume and length-to-diameter aspect ratios.  In 
addition, the collective behavior of the nanotubes/wires could lead to phenomena such as an 
increase in compressive strength due to nanogranular friction and percolation effects18.  Of 
particular interest is to design stimuli-reponsive nanoarrays – combining the uniqueness of length 
scale, geometry and stimuli-responsiveness – with novel dynamic physical properties (Figure 
1.1). 
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Figure 1.1 Stimuli-responsive nanoarrays combine the uniqueness of length scale, geometry and 
dynamic physical changes of nanoarrays and stimuli-responsive materials. 
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A relevant example from nature is sea cucumber’s ability to rapidly and reversibly change the 
stiffness of its inner dermis - which remains relaxed until upon contact, at which it stiffens - by 
regulating interactions between the collagen fibrils19.  Like other researchers who were inspired 
by this, Capadona and co-workers19 synthesized stimuli-responsive polymer nanocomposites 
composed of rigid nanofibers embedded within a rubbery matrix that demonstrated drastic 
changes in mechanical properties through the control of competitive hydrogen bonding.  With 
these prospects in mind, this thesis aims to design and synthesize polymer nanotube arrays that 
exhibit reversible and tunable responses to different types of external stimuli, with focus on 
changes in mechanical behavior (Figure 1.2).  Such materials can potentially be utilized for 
developing multi-responsive tunable sensor arrays, synthetic extracellular matrix for tissue 
engineering, and dynamic armor coatings. 
 
Figure 1.2  This thesis aims to design and synthesize polymer nanotube arrays that exhibit 
reversible and tunable responses to different types of external stimuli. 
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Membrane-Based Approach for Tube Array Synthesis 
A variety of processes has been developed for the synthesis of nanotubes/wires, e.g. vapor 
transport and condensation system, hydrothermal and post-thermal treatments, and metal-organic 
chemical vapor deposition.  Compared to these methods,  a relatively new “template-based 
approach”20 has many useful features and benefits: First, the generality of this method permits 
flexibility over the choice of deposited materials, ranging from metals, inorganic oxides, 
polymers, to semiconductors.  It is also relatively simple and robust compared to other synthesis 
methods such as the catalytic growth method, which requires careful control over the 
temperature and feed-to-catalyst ratio21.  With the use of porous templates, nanostructures with 
very small diameters can be prepared, which can be challenging with lithographic methods.   
Additionally, the template-based approach allows precise control over the orientation and 
spacing of the resultant nanowires/tubes (identical to that of the pores on the sacrificial 
template), which can be difficult with other synthesis methods. 
Based on the general template-based approach, we developed a fabrication procedure to 
synthesize surface-bound polymer nanotube arrays, shown in Figure 1.3.  The procedure 
involves: (i) the deposition of the desired material onto a porous membrane, (ii) attachment of 
the membrane to a permanent substrate, (iii) removal of materials residing on the membrane 
surface, and (iv) dissolution of the membrane.  The fact that the resulting tube arrays are the 
negative image of the original template highlights one of the benefits of this method in designing 
the geometry and dimensions of the tube arrays.  
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Figure 1.3  Fabrication procedure for the synthesis of surface-bound polymer nanotube arrays.  An 
idealized periodic spatial arrangement of pores and tubes is shown for illustration purposes.   
 
Porous Membranes as Sacrificial Templates  
At present, two of the most commonly used membranes for template-based synthesis are the 
track-etched membranes and porous aluminas.  Track-etched membranes are more commercially 
available; a number of companies (e.g. G.E. Whatman) sell polymeric filtration membranes 
prepared by the track-etch process that come in different pore sizes in the micro- and nano-meter 
range.  Track-etched membranes are made by first bombarding a thin sheet of the desired 
polymeric material with nuclear fission fragments, which creates damaged tracks through the 
material, followed by chemical etching of these tracks into pores.  Because of the nature of this 
process, the resulting cylindrical pores cut straight through the thin sheet, have very uniform and 
small diameter (as small as 10 nm), and are randomly distributed across the surface of the 
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membrane.  While commercially available track-etched membranes are made from 
polycarbonate or polyester, a number of other polymers are suitable materials for the track-etch 
process.  Track-etched polycarbonate membrane can be dissolved with some common organic 
solvents such as methyl chloride and tetrahydrofuran.   
Porous aluminas are prepared electrochemically from alumninium.  They can have higher pore 
densities, up to 1011 pores per square centimeter, compared to track-etched membranes, which 
typically has 109 pores per square centimeter.  Porous aluminas also have pores that are 
periodically arranged in hexagonal arrays.  While commercially available, these membranes are 
sold in very limited pore diameters.  Some groups have made porous alumina membranes with 
pore diameter as low as 5 nm20.  Because of the material that constitutes the membrane, porous 
aluminas are more brittle as they are easily prone to crack propagation. Porous alumina 
membranes are commonly dissolved with sodium hydroxide at different concentrations (most 
commonly 1M)7, 15, 22, 23.  Other alternatives include 46% HF23, H3PO4 (1.5%24, 5%25, 27%26), 
20% KOH27, or a mixture of H3PO4 and CrO3.27  The dissolution of porous alumina membranes 
is sometimes aided with heating.  In most cases, face deposition on both surfaces of the 
membrane is undesired, and are prevented either by sputtering the membrane surfaces with gold 
prior to film fabrication, polishing the membrane with alumina powder or carborundum sand 
paper22, or by plasma etching28.   
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Layer-by-Layer Assembly   
 Several techniques have been employed in depositing materials into porous templates for 
nanotube synthesis, including sol-gel chemistry29, chemical vapor deposition30, and electroless 
plating31.  Compared these methods, the layer-by-layer assembly technique is relatively simple, 
versatile and inexpensive.  The layer-by-layer assembly process involves alternating adsorption 
of a pair of materials with significant intermolecular forces (e.g. electrostatic and hydrogen 
bonds) onto a surface (Figure 1.4).  For electrostatically-interacting species, in each submersion 
step, an oppositely-charged species is adsorbed to the previous layer until the surface charge is 
compensated, at which the adsorption driving force is exhausted.  Rinsing steps between each 
submersion remove non-specifically adsorbed materials, which improve mechanical robustness 
and the physical and chemical uniformity of the film.  As will be more evident in the following 
chapters, the ability to create complex multimaterial heterostructures with nanoscale control over 
dimensions is readily achievable with this assembly approach.  In addition, the conformal 
adsorption behavior makes it a versatile technique for coating substrates of various geometries, 
such as planar substrates, spherical colloids and porous materials (Figure 1.5).  Each pair of the 
adsorbed materials is referred as a bilayer, and is commonly labeled in this form: 
(Species1 pH2/Species2 pH2)n 
where Species1 and Species2 are abbreviations for the materials, pH1 and pH2 are the pH of the 
respective Species1 and Species2 solutions, and n is the number of bilayers deposited during film 
assembly.  
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Figure 1.4  Schematic of layer-by-layer assembly process (rinsing steps in between deposition of 
each species were omitted).  
 
Figure 1.5  Layer-by-layer assembly as a versatile technique to coat substrates of various 
geometries. 
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Polyelectrolyte Multilayers (PEMs) 
In the 1990’s, Decher32 reported the use of polyelectrolytes to create ultrathin films with 
“fuzzy” molecular structures using layer-by-layer assembly.  Polyelectrolytes are polymer 
molecules with a long backbone containing electrolyte repeating units, which dissociate in 
aqueous solution and rendering the polymer molecule charged.  Ionic linkages between 
oppositely-charged electrolytes and the entanglement of long backbone chains make 
polyelectrolyte multilayers (PEMs) mechanically robust thin films.  Figure 1.6 shows the 
chemical structures of three polyelectrolytes discussed in this thesis: poly(allylamine 
hydrochloride) (PAH), poly(acrylic acid) (PAA) and poly(sodium 4-styrene sulfonate) (PSS).   
 
Figure 1.6  Chemical structures of two weak polyelectrolytes: polyallylamine hydrochloride (PAH) 
and poly(acrylic acid) (PAA), and a strong polyelectrolyte, poly(sodium 4-styrene sulfonate) (PSS). 
Polyelectrolytes are classified as “strong” or “weak” based on the pH-dependence of their 
degree of ionization: polyelectrolytes that remain fully-ionized in water throughout all pH ranges 
are classified as strong polyelectrolytes (e.g. PSS), while polyelectrolytes with pH-dependent 
degree of ionization (e.g. PAH and PAA) are called weak polyelectrolytes.  Extensive study of 
the influence of the degree of ionization on weak polyelectrolytes, including PAH and PAA, had 
been reported by Choi and Rubner33.  In a related study by Mendelsohn et. al.34, three distinctive 
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polymer configurations for PAH/PAA multilayers assembled at different pH conditions were 
reported, shown in Figure 1.7. 
 
Figure 1.7  Three distinct PEM configurations as a function of assembly pH.  Image adapted from 
Mendelsohn et. al.34 
In a PAH6.5/PAA6.5 film (Figure 1.7a), the complexation between fully-charged polycation 
and polyanion led to very flat chain conformations, thus with very low bilayer thickness and is 
deprived of unpaired functional groups.  When both polycation and polyanion are assembled in 
their partially-ionized states, in the case of a PAH7.5/PAA3.5 film (Figure 1.7b), the PEM has a 
loopy conformation resulting from the increased distance between charged electrolyte units.  The 
film therefore has a higher bilayer thickness and an abundance of unpaired amine and carboxylic 
acid groups.  When only the polyanion is partially charged during multilayer assembly (e.g. 
PAH3.0/PAA3.0 in Figure 1.7c), the resulting film is composed of loopy polyanion chains with 
unpaired carboxylic acid groups and flat, fully-charged polycation.  Weak polyelectrolytes are 
therefore particularly useful in creating PEMs with specific molecular architectures.  In this 
thesis, two PEM systems were extensively studied for their stimuli-responsiveness: 
PAH7.5/PAA3.5 and PAH9.3/PSS9.3.  At these assembly pH conditions, these PEMs are rich 
with unpaired functional groups that play a crucial role in enabling the stimuli-responsive 
capability.  
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Thesis Scope 
This thesis introduces a new method of synthesizing stimuli-responsive polymer nanotubes 
using porous membranes and layer-by-layer assembly.  The first part of the thesis demonstrates 
in situ synthesis of gold nanoparticles in pH-responsive PEMs.  More in-depth understanding of 
the swelling behavior of these pH-responsive PEMs ultimately led to the design and synthesis of 
pH-reponsive reversibly swellable PEM nanotube arrays.  Mechanical changes from the swelling 
transitions in the nanotube arrays, characterized by experimental and simulated nanoindentations, 
are discussed.  The last part of this thesis presents the design and synthesis of heterostructured 
nanotube arrays with multiple stimuli-responsiveness, including pH, magnetic field and 
temperature.  The synthesis of free-floating PEM nanotubes incorporated with cell-receptor-
interacting biopolymers is also illustrated.  A summary for each chapter is presented below. 
Chapter 2 presents the in situ synthesis of gold nanoparticles in amine-rich PAH7.5/PAA3.5 
and PAH9.3/PSS9.3 PEMs.  A gold binding mechanism hypothesis is proposed for each PEM, 
which highlights the importance of unpaired amine groups and the swelling transition for 
successful synthesis of gold nanoparticles in the PEMs.  Design rules for control over the size, 
size distribution and spatial distribution of the nanoparticles is presented.  
Chapter 3 presents the design and synthesis of pH-responsive reversibly swellable PEM 
nanotube arrays using porous membranes.  In situ characterization of the swelling behavior of 
the nanotube arrays is conducted via confocal laser scanning microscopy (CLSM). 
Chapter 4 examines how mechanical properties of the PEM nanotube arrays change with the 
pH-triggered swelling/deswelling transitions. The mechanical responses are measured and 
predicted by experimental and simulated nanoindentations, respectively. 
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Chapter 5 presents a method of controlling the wettability of the nanotube arrays by altering 
the template structure through a plasma etching process.  Water contact angles are used to 
characterize the hydrophobicity of the nanotube arrays. 
Chapter 6 presents preliminary work on the design and synthesis of heterostructured PEM 
nanotube arrays with multiple stimuli-responsiveness, including pH, temperature and magnetic 
field.  
Chapter 7 presents preliminary work on the synthesis of free-floating PEM nanotubes that 
interact with living B-cell.    
Chapter 8 will summarize and conclude this work, and provide suggestions for future studies. 
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Chapter 2 Amine-Rich Polyelectrolyte Multilayer Nanoreactors for 
in situ Gold Nanoparticle Synthesis 
Reproduced in part with permission from Chia, K-K., Cohen, R.E., Rubner, M.F. Chemistry 
of Materials, 2008. 20(21): p. 6756-6763.  
 
 
Introduction 
Much of the interest in the layer-by-layer assembly of polyelectrolyte multilayers (PEMs) 
arises from the ease by which the molecular architecture of the resultant thin film can be 
controlled through adjustments of assembly and post-assembly treatment conditions.1-11 The 
precise control over the molecular architecture of the PEMs facilitates the incorporation of 
inorganic nanoparticles into the films, which have a broad range of potential applications due to 
the optical12-14, catalytic15, 16, and magnetic17 properties that arise from the nanoparticles’ large 
surface area-to-volume ratios and quantum confinement effects.18-20   
PEM/nanoparticle composites have been synthesized via the layer-by-layer assembly of 
prefabricated inorganic nanoparticles or polyelectrolyte-stabilized metal ion complexes with an 
oppositely-charged polyelectrolyte.21-26  The assembly of PEM/gold nanoparticle composites,12, 
14, 22, 27-29 in particular, has been demonstrated and may provide a route to potential biological 
applications due to the non-toxicity, biocompatibility, ease of imaging and versatility of surface 
chemistry of gold nanoparticles. The use of PEMs as nanoreactors offers the promise for precise 
control over the in situ growth of inorganic nanoparticles in preformed, conformal PEM coatings 
on a variety of substrate materials of essentially any size and shape.2  In this approach, the PEMs 
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are typically assembled to contain free functional groups that can bind inorganic ion precursors.  
One of the common methods involves the incorporation of free carboxylic acid groups that serve 
as binding sites for cationic precursors, which are then reduced to inorganic nanoparticles.2, 30-32  
However, the use of free carboxylic acid groups is limited to the binding of cationic precursors 
(e.g. Ag+) and therefore cannot be used to bind anionic precursors such as gold complex ions 
(e.g. AuCl4-). 
Polymers containing amine groups have been widely used as the source of binding sites for 
anionic gold complex ions and as capping agents limiting nanoparticle growth and 
agglomeration.27, 33-35  However, for the case of PEMs, the application of these amine-gold 
chemistries in the in situ synthesis of gold nanoparticles has not been demonstrated.  The 
challenge in doing so lies in the fact that, under typical assembly conditions, most amine groups 
in PEMs are ionized and paired with oppositely-charged groups residing on the polyanion that is 
used in the PEM assembly, for example poly(acrylic acid) (PAA) or poly(styrene sulfonate) 
(PSS), which prevents their binding to other ions.  The successful incorporation of free amine 
groups in PEMs is complicated by the fact that the high assembly pH required to produce free 
amine groups often renders commonly-used polycations, such as poly(allylamine hydrochloride) 
(PAH), insoluble.  In this paper, we overcome these challenges by generating free amine groups 
using specific post-assembly processing conditions that introduce molecular rearrangements that 
produce the free amine groups needed for nanoparticle synthesis.  These molecular 
rearrangements only occur in PEMs assembled under very specific conditions, such as 
(PAH7.5/PAA3.5) and (PAH9.3/PSS9.3), where the numbers represent the polyelectrolyte 
solution pH during layer-by-layer assembly.  We demonstrate that an understanding of these 
post-assembly transitions can be used to control the in situ synthesis of gold nanoparticles. 
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Role of PEM Assembly pH on Nanoparticle Growth    
The assembly of PAH with various polyanions is typically carried out in the pH range of 3-8.  
Under these assembly conditions, the resultant PEM is comprised of fully-ionized ammonium 
groups that are electrostatically bound to the oppositely-charged polyelectrolyte.36  To 
demonstrate that assembly under these conditions does not produce the concentration of free 
amine groups needed for gold nanoparticle synthesis, we attempted to grow nanoparticles in two 
representative multilayer systems: (PAH3.5/PAA3.5) and (PAH4.0/PSS4.0).  (In this paper, the 
term “free” is used to denote the availability of the amine/ammonium groups to bind to other 
functional groups.)  Both PEMs were immersed in gold salt solutions (5 mM HAuCl4 at pH 2.3 
for 15 min.), rinsed with de-ionized (DI) water (pH ≈ 5.5 for 2, 1, 1 min.), exposed to UV light 
and then characterized with UV-Vis spectrophotometry (Figure 2.1). 
 
Figure 2.1 Thickness-normalized UV-Vis absorbance spectra of (a) (PAH7.5/PAA3.5)6 and 
(PAH3.5/PAA3.5)20 PEMs, of similar thicknesses, and (b) (PAH9.3/PSS9.3)9 and (PAH4.0/PSS4.0)20 
PEMs, of similar thicknesses, immersed in gold salt solution (pH 2.3, 15 min.), rinsed with DI water 
for 2, 1, 1 min. and UV reduced for 35 hr. 
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  In both cases, the absence of any detectable surface plasmon resonance (SPR)37-41 absorption 
bands attributable to gold nanoparticles confirmed that binding of the gold complex anions was 
unsuccessful.  The intensity and wavelength at maximum intensity (λmax) of SPR bands are 
known to correlate with nanoparticle size and concentration.39, 42-46  
We then examined two other multilayer systems known to undergo post-assembly molecular 
rearrangements with low pH treatments: (PAH7.5/PAA3.5) and (PAH9.3/PSS9.3).1, 3, 36, 47-49  
Both PEMs were immersed in gold salt solutions at different pH levels, rinsed with DI water, 
exposed to UV light, and characterized with UV-Vis spectrophotometry.  As seen in Figure 
2.2(a) and (b), detectable SPR bands with λmax values located between 500-600 nm were 
observed in all films regardless of the solution pH used to load the gold salt.  However, a 
dramatic increase in the peak intensities of the SPR bands was observed below a critical loading 
pH of ca. 2.5 for the (PAH7.5/PAA3.5) multilayer system and ca. 5.0 for the (PAH9.3/PSS9.3) 
multilayer system.  These results indicate that some free amine groups are present in the as-
assembled multilayers and that a significant increase in free amine group concentration occurs 
below a critical loading pH.  We refer to loading at pH below and above the critical loading pHs 
as the high and low binding regimes, respectively. 
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Figure 2.2 UV-Vis absorbance spectra of (a) (PAH7.5/PAA3.5)20 and (b) (PAH9.3/PSS9.3)20 PEMs 
loaded with gold salt at pH levels between 1.8 and 6.1, rinsed with DI water and UV reduced.  
Insets: Maximum intensity (closed circles) and λmax (open circles) of the SPR absorbance spectra as 
a function of gold salt loading pH.   
 
Gold Salt Binding Mechanism   
Based on previous studies with these particular multilayer systems,1, 3, 36, 47-49 we put forth the 
following explanations for the pH-dependent assembly and gold salt loading behavior of 
(PAH7.5/PAA3.5) and (PAH9.3/PSS9.3) thin films.  Schematics of the mechanism of gold 
nanoparticle formation are shown in Figure 2.3 (a) and (b).  
(PAH7.5/PAA3.5) Multilayer System.  As assembled, the internal structure of this multilayer 
system is mostly comprised of fully-ionized, electrostatically-paired functional groups, and a 
small fraction of protonated free amine groups.  In the low binding regime (pH > 2.5), the 
relatively small concentration of protonated free amine groups can bind to the gold complex 
ions, resulting in the formation of a low concentration of gold nanoparticles after suitable UV 
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Figure 2.3 Gold binding and reduction mechanism in (a) (PAH7.5/PAA3.5) and (b) 
(PAH9.3/PSS9.3) PEMs: (1) gold salt loading, (2) water rinse and (3) UV reduction.  Functional 
groups electrostatically bound are shaded.  For illustration purposes, AuCl4- represents all 
negatively-charged gold complex ions while the amine groups after Step 3 represents all possible 
functional groups with different oxidation states (e.g. imine groups). 
reduction (Figure 2.3(a)).  In the high binding regime (pH ≤ 2.5), the strong acidic condition 
converts carboxylate groups into protonated carboxylic acid groups, thereby breaking the COO-–
NH3+ electrostatic linkages formed during multilayer assembly.  This process, in turn, renders the 
ammonium groups available for gold salt binding (Figure 2.3(a), Step 1).  When a sufficient 
number of COO-–NH3+ electrostatic linkages are broken, the film undergoes a spinodal 
decomposition-type of molecular rearrangement that in earlier studies was shown to result in a 
porosity transition.1, 3, 49  This process further generates free ammonium groups and increases the 
binding capacity of the film dramatically, as indicated from the peak intensity and λmax values of 
the SPR bands (Figure 2.2(a)).  The DI water rinse steps (pH ≈ 5.5 for 2, 1, 1 min.) removes 
unbound gold complex ions and deprotonates carboxylic acid groups into carboxylates which 
then bind to some of the ammonium groups to reform COO-–NH3+ electrostatic linkages, thereby 
maintaining the overall integrity of the film (Step 2).  Subsequent UV irradiation reduces gold 
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complex ions into Au0 atoms while possibly oxidizing ammonium ions into imines, 
deprotonating them into amines, or allowing them to electrostatically bind to the carboxylates 
(Step 3).50  The formation of Au0 atoms facilitates nucleation and growth, with their relative rates 
determining the final density and size of the gold nanoparticles.51, 52   
(PAH9.3/PSS9.3) Multilayer System.  Due to the high assembly pH, this multilayer film is 
comprised of a high concentration of free amine groups that are clustered in hydrophobic 
domains and, as a result, exhibit an unusually low pKa (ca. 4).36  In the low binding regime (pH 
> 5.0), only a small fraction of the free amine groups in these hydrophobic domains are 
protonated and hence available to bind the gold complex ions; this situation results in the binding 
of a low concentration of gold complex ions.  In the high binding regime (pH ≤ 5.0), the strong 
acidic condition protonates the amine groups into ammonium groups.  The strong charge 
repulsion among the ammonium groups overcomes the hydrophobic interactions and the film 
undergoes a molecular rearrangement to produce a high concentration of free ammonium groups 
and a dramatic swelling transition (Figure 2.3 (b), Step 1).36, 48  As a result, the gold salt binding 
capacity of the film increases dramatically, as indicated from the peak intensities and λmax values 
of the SPR bands (Figure 2.2 (b)).  
 
Controlling Gold Nanoparticle Size and Spatial Distribution with Post-
Assembly Processing Conditions 
  As discussed above, the significant increase in the gold salt loading capability and ultimately 
gold nanoparticle concentration for these two particular PAH-based multilayer systems is a direct 
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consequence of molecular rearrangements that occur with low pH treatments.  Given the quite 
different mechanisms underlying these molecular rearrangements, we set out to determine how 
this would influence the size and spatial distribution of the resultant gold nanoparticles.    
(PAH7.5/PAA3.5) Multilayer System.  We have previously found that multilayers of this type 
will undergo a transition to either a nanoporous or microporous state depending on the pH and 
salt concentration of the treatment solution.1, 3, 49  The sensitivity of these molecular 
rearrangements to both parameters is demonstrated in two different post-assembly processes 
leading to different types of porosity transitions, depending on the presence of gold complex 
ions.  In particular, the multilayers were either (i) directly immersed in a gold salt solution at pH 
1.8, which induces a nanoporosity transition to a higher extent than that at pH 2.3, or (ii) first 
immersed in acidic water (pH 2.5), which induces a microporosity transition in the multilayers 
before gold salt loading. 
(i) Inducing increased nanoporosity with gold salt loading at pH 1.8.  As seen in Figure 2.2(a), 
a dramatic increase in the maximum intensity and λmax value of the gold nanoparticle SPR band 
occurs in this multilayer system when the gold salt loading pH changes from 2.3 to 1.8.  
Significant differences are observed in the cross-sectional TEM images of the films loaded at pH 
1.8 (Figure 2.4) compared to those loaded at pH 2.3 (Figure 2.5), including: (i) a much larger 
particle size with broader size distribution (33.4±19.2 nm and 5.5±1.9 nm, respectively), (ii) 
migration of nanoparticles towards the PEM surfaces, and (iii) a more apparent indication of 
development of a nanoporous structure.  Migration of nanoparticles to multilayer surfaces and 
interfaces (Figure 2.4) has been reported in the literature, and is attributed to minimization of 
energy of the nanoparticles.53  The formation of a nanoporous structure after the gold salt loading 
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(pH 1.8) is confirmed by: (i) an increase in the dry film thickness, (ii) a decrease in the dry film 
refractive index, and (iii) the transparent appearance of the film (Figure 2.6).   
 
Figure 2.4. (a) Cross-sectional TEM image of a (PAH7.5/PAA3.5)20 PEM (as-assembled dry film 
thickness 292 nm) loaded with pH 1.8 gold salt and UV reduced.  (b) TEM image of higher 
magnification.  Inset: Particle size distribution.  The average particle size is 33.4±19.2 nm. 
 
Figure 2.5. (a) Cross-sectional TEM image of a (PAH7.5/PAA3.5)20 PEM (as-assembled dry film 
thickness 292 nm) loaded with pH 2.3 gold salt and UV reduced.  (b) TEM image of higher 
magnification.  Inset: Particle size distribution.  The average particle size is 5.5±1.9 nm. 
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Figure 2.6  Dry film thicknesses of (PAH7.5/PAA3.5)20 PEMs immersed in gold salt solutions at 
different pH levels (15min., followed by 2, 1, 1 min. DI water rinse), measured before (open circles) 
and after (closed circles) UV irradiation for 35 hr.  The as-assembled PEM thickness was 290 nm.  
This two-fold increase in dry film thickness at loading pH 1.8 is accompanied by a decrease in the 
dry film refractive index from 1.49 to 1.26 (at 600nm, measured by ellipsometry). 
These changes were observed after gold salt loading at pH 2.3 to a much lesser extent.   It 
therefore appears that with the presence of gold complex ions, the nanoporosity transition is 
partially triggered at pH 2.3 and proceeds to a much higher extent at pH 1.8.  It had been 
reported that without gold complex ions, a microporosity transition occurs at pH 2.5, which is 
apparent from the translucent appearance of the film.1, 3, 49  In our case, the multilayers remain 
transparent after immersion in gold salt solution at pH 2.3, which indicates that a transition to the 
nanoporous state as opposed to a microporous state is facilitated by the presence of the gold 
complex ions.  These observations are consistent with previous findings, which demonstrated the 
sensitivity of the length scale of the porosity transitions to both pH and salt concentration of the 
treatment solutions.1, 3, 49  For instance, immersing the films in acidic water at pH 1.8 and 2.5 
41 
 
triggers porosity transitions in the nanometer and micron scales, respectively, indicated from the 
transparent and translucent appearances (respectively) of the films.  With the presence of salt 
(pH 2.4, 0.05 M MgCl2), however, the film appeared transparent, and it was found that the 
porosity transition length scale had shifted to the nanometer range.   
Polymers containing amine groups function as gold nanoparticle stabilizing and capping agents 
in solution-based gold nanoparticle syntheses.35, 54  In general, a high amine-to-gold complex ion 
ratio leads to the formation of gold nanoparticles of smaller sizes owing to the effective 
stabilization of the gold nanoparticles by the amine groups.  On the other hand, at a low amine-
to-gold complex ion ratio, the nanoparticles formed are larger and tend to aggregate due to an 
inadequate number of amine groups stabilizing the gold nanoparticles.  In our case, the dramatic 
molecular rearrangements that occur during the porosity transition at pH 1.8 (with the presence 
of gold complex ions) lead to the binding of a high concentration of gold complex ions to the 
free ammonium groups that are spatially sparser, resulting in gold nanoparticles that are less 
effectively stabilized and hence the significant increase in particle size (ca. 33 nm, up to 100 nm) 
and the aggregation of nanoparticles compared to those loaded at pH 2.3.  Comparisons of the 
UV-Vis absorbance spectra of the films immersed in gold salt solutions at pH 1.8, 2.3 and 5.2 
without UV reduction (Figure 2.7) confirm the significant increase in the concentration of gold 
complex ions bound to the films at lower pH levels.  The porosity transition during gold salt 
loading (pH 1.8) is confirmed by a two-fold dry film thickness increase from 290 to 580 nm.  
When exposed to UV light, the previously expanded multilayer structure collapses as indicated 
by the dry film thickness decrease from 580 to 360 nm.  Control experiments eliminated the 
possibility of convective heating from the UV lamp and demonstrated that the dry film thickness 
decrease is only observed for films that had been previously immersed in solutions containing 
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gold salt.  The densification of the multilayer film can be attributed to the electrostatic binding of 
carboxylates to ammonium groups that were previously bound to the gold complex ions; 
reduction of gold complex ions into Au0 atoms upon UV irradiation renders the ammonium 
groups free for binding. 
 
Figure 2.7  UV-Vis absorbance spectra of (PAH7.5/PAA3.5)20 PEMs (assembled on quartz slides) 
immersed in gold salt solutions at different pH levels (15min., followed by 2, 1, 1min. DI water 
rinse), measured before UV irradiation. 
Utilizing the changes in the dry film thickness with gold salt loading and reduction, we 
demonstrate a method of constructing 3-D patterns on PEMs by immersing the films into a gold 
salt solution (pH 1.8, 15 min.) and subsequently exposing the film to UV light through a 
photomask (20 µm holes, 50 µm apart).  The plan view of stacked confocal microscopy images 
(Figure 2.8) shows circular patterns which represent the UV reduced region; the remaining 
portions of the film are regions loaded with unreduced gold complex ions.  From the plan view 
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image, the latter regions indicate a mostly-porous structure (consistent with the decrease in the 
refractive index) which appears to densify in regions exposed to UV light.  The average diameter 
and depth of the cylindrical holes are 40µm and 183nm, respectively.  The larger feature size on 
the sample compared to that of the photomask is most likely due to non-unidirectional UV 
irradiation past the photomask.   
 
Figure 2.8. Confocal microscopy plan view image of a (PAH7.5/PAA3.5)20 PEM loaded with pH 1.8 
gold salt and UV-irradiated through a photomask (20 µm-diameter holes, 50 µm apart).  Below: 
Thickness profile averaged over 10 µm (rectangular box height). 
(ii) Inducing microporosity in the multilayers prior to gold salt loading.  As mentioned above, 
at a gold salt loading pH of 1.8, the nanoporosity transition generates free ammonium groups that 
are spatially sparse, thereby resulting in larger gold nanoparticles that tend to aggregate.  As an 
alternative approach to controlling the spatial density of the ammonium groups, we first 
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immersed the films in acidic water (pH 2.5), which triggers a microporosity transition in the 
multilayers.1, 3, 49  The microporous structure of the film was confirmed from the two-fold 
thickness increase (from 293 to 575 nm) and the translucent appearance of the film due to light 
scattering from the pores.  We then examined gold salt loading in the microporous films at three 
pH levels: 1.8, 2.3, and 5.2.  We observed very similar trends in the UV-Vis absorbance spectra 
(Figure 2.9) compared to those of the as-prepared multilayers.  In particular, both the SPR 
intensity and λmax values increase with decreasing loading pH, with a significant increase at pH 
1.8.  
 
Figure 2.9  UV-Vis absorbance spectra of (PAH7.5/PAA3.5)20 PEMs first immersed in acidic water 
(pH 2.5 for 15 min., followed by DI water for 2, 1, 1 min.), then in gold salt solutions at different pH 
levels (15 min., followed by 2, 1, 1 min. DI water rinse) and UV reduced for 35 hr. 
 It thus appears that similar to the as-prepared films, successful gold salt loading in the 
preformed microporous films requires the breaking of the electrostatic bonds between the 
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carboxylates and ammonium groups at a low pH.  We also observed from the cross-sectional 
TEM images that the gold nanoparticles formed in the microporous films at a loading pH of 2.3 
are larger (µ = 17.3±9.0 nm, Figure 2.10Error! Reference source not found.) than those 
formed in the as-prepared films at this same pH (µ = 5.5± 1.9 nm, Figure 2.5), which is attributed 
to the lower spatial density of ammonium groups in the microporous film.  The lighter regions in 
the TEM image (Figure 2.10) are indicative of the microporous structure in the film. 
 
Figure 2.10  Cross-sectional TEM image of a (PAH7.5/PAA3.5)20 PEM immersed in acidic water 
(pH 2.5) prior to gold salt loading (pH 2.3) and UV reduction.  Inset: Particle size distribution.  The 
average particle size is 17.3±9.0 nm. 
(PAH9.3/PSS9.3) Multilayer System.  As discussed above, in this multilayer system, molecular 
rearrangements triggered by low pH treatments lead to a swelling transition and a substantial 
increase in gold salt loading capability.  We now explore how this transition influences the 
resulting gold nanoparticle size and spatial distribution by comparing the results obtained when 
the swelling transition is triggered with or without the presence of gold complex ions. 
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(i)  Inducing the swelling transition with gold salt loading.  In this case, the multilayer films 
were directly loaded with gold salt at pH levels above and below the critical loading pH for this 
system and then exposed to UV light.  Cross-sectional TEM images of the resulting multilayer 
films show that the gold nanoparticles formed at a loading pH of 2.3 (µ = 20.3±5.6 nm, Figure 
2.11) are much larger than those formed at pH 5.2 (µ = 4.7±1.7 nm, Figure 2.12), owing to the 
dramatic increase in the concentration of gold complex ions bound to the film during the low pH-
triggered swelling transition, which is confirmed by the UV-Vis absorbance spectra of the films 
loaded with gold salt solutions at different pH levels without UV reduction (Figure 2.13).   
 
Figure 2.11. (a) Cross-sectional TEM images of (PAH9.3/PSS9.3)20 PEMs immersed in gold salt at 
pH 2.3 and UV reduced.  (b) TEM image of higher magnification.  Inset: Particle size distribution.  
The average particle size is 20.3±5.6 nm. 
47 
 
 
Figure 2.12. (a) Cross-sectional TEM images of (PAH9.3/PSS9.3)20 PEMs immersed in gold salt at 
pH 5.2 and UV reduced.  (b) TEM image of higher magnification.  Inset: Particle size distribution.  
The average particle size is 4.7±1.7 nm. 
 
Figure 2.13  UV-Vis absorbance spectra of (PAH9.3/PSS9.3)20 PEMs (assembled on quartz slides) 
immersed in gold salt solutions at different pH levels (15 min., followed by 2, 1, 1 min. DI water 
rinse), measured before UV irradiation. 
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The increase in nanoparticle size also correlates with the extent of swelling of the film which 
increases from 42% to 99% as the loading pH changes from 5.2 to 2.3 (Figure 2.14).  It is worth 
noting that these extents of swelling are still much lower than that of a film immersed in acidic 
water (pH 2.5) without gold complex ions (611%).  As in the case of the microporosity transition 
in the (PAH7.5/PAA3.5) multilayer system, we find that the presence of gold complex ions 
influences the process.  Further work is needed to understand how the swelling transition is 
influenced by the presence of gold complex ions in the (PAH9.3/PSS9.3) multilayer system, 
although it is likely that electrostatic shielding effects are playing an important role.  
 
Figure 2.14  Extent of swelling of (PAH9.3/PSS9.3)20 PEMs in dry state, water, and gold salt 
solutions. 
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 (ii) Inducing the swelling transition prior to gold salt loading.  We demonstrate here a method 
of generating gold nanoparticles of a different size and spatial distribution, which involves first 
inducing the swelling transition by acidic water (pH 2.5) without the presence of gold complex 
ions prior to gold salt loading.  Previous work on this multilayer system showed that after an 
acidic water treatment, the film retains its swollen state even when immersed in solutions of 
higher pH, up to ca. 10.5.48  The preservation of the extent of swelling of the films after 
immersion in acidic water and subsequently the gold salt solution was confirmed by the 
similarity of the film thicknesses in both solutions (Figure 2.14).  We therefore expected the 
concentrations of gold complex ions bound to the pre-swollen multilayers to be similar across 
loading pH 2-6, which was confirmed by UV-Vis spectrophotometry (Figure 2.13).   
As expected, the UV-Vis absorbance spectra of the loaded and reduced multilayers (Figure 
2.15(a)) show similar SPR intensities across the pH levels studied. The λmax values, however, 
increase with decreasing loading pH, thus suggesting an increase in the particle size at a lower 
loading pH.  Comparisons of the UV-Vis absorbance spectra of both pre-swollen and not-pre-
swollen films (Figure 2.15(b)) reveal that the SPR maximum intensity and λmax values of the pre-
swollen films are slightly higher than those of the not-pre-swollen films in the low gold binding 
regime (pH > 5.0), but lower in the high gold binding regime (pH < 5.0).  It therefore indicates 
that the pre-loading swelling transition (without gold complex ions) increases the gold binding 
capacity of the multilayers when loaded in the low gold binding regime, but decreases it in the 
high gold binding regime, which was confirmed by UV-Vis spectrophotometry (Figure 2.13).  
Consistent to the former trend, cross-sectional TEM images of multilayers loaded in the low gold 
binding regime (pH 5.2) show that the gold nanoparticles formed in the pre-swollen films (µ = 
6.4±2.8 nm, Figure 2.16) are somewhat larger than those formed in the not-pre-swollen films (µ 
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= 4.7±1.7 nm, Figure 2.12).  We speculate that the decrease in the gold binding capacity of the 
pre-swollen multilayers arises from the binding of ammonium groups with Cl- ions from the pre-
loading acidic treatment; a dramatic decrease in the binding of gold complex ions by polymeric 
amine/ammonium groups due to saturation by Cl- ions has been reported in literature.50 
    
Figure 2.15. (a) UV-Vis absorbance spectra of pre-swollen (PAH9.3/PSS9.3)20 PEMs treated with 
acidic water (pH 2.5), immersed in gold salt solutions at different pH levels and UV reduced.  Inset: 
SPR maximum intensity (closed diamonds) and λmax (open diamonds) from the SPR absorbance 
spectra as a function of gold loading pH.  (b) UV-Vis absorbance spectra of both pre-swollen and 
not-pre-swollen (PAH9.3/PSS9.3)20 PEMs immersed in gold salt solutions at different pH levels and 
UV reduced.  Inset: SPR maximum intensity (closed) and λmax (open) from the SPR absorbance 
spectra as a function of gold loading pH.  Red: pre-swollen, black: not pre-swollen. 
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Figure 2.16. (a) Cross-sectional TEM image of a (PAH9.3/PSS9.3)20 PEM immersed in acidic water 
(pH 2.5), followed by gold solution (pH 5.2) and UV reduced.  (b) TEM image of higher 
magnification.  Inset: Particle size distribution.  The average particle size is 6.4±2.8 nm. 
 
Design Rules for Systematic Control over the Size, Size Distribution and Spatial 
Distribution of Gold Nanoparticles 
  We discuss in this section design parameters that allow systematic control over the size, size 
distribution and spatial distribution of gold nanoparticles synthesized in situ in the two multilayer 
systems.  Overall, the gold nanoparticles can exhibit two distinct sizes and spatial distributions 
depending on the post-assembly processing conditions.  In the first case, the nanoparticles are 
smaller with a relatively narrow size distribution, and are evenly distributed across the film 
cross-sectional area.  These characteristics are very similar to those observed in the carboxylic-
acid-based in situ silver nanoparticle synthesis in the (PAH3.5/PAA3.5) multilayer system.2, 30, 31  
In this study, these characteristics were always observed in the (PAH9.3/PSS9.3) multilayer 
system within the gold salt loading pH levels studied (pH 1.8 to 6.1), but only observed in the 
(PAH7.5/PAA3.5) multilayer system at gold salt loading pH ≥ 2.3.  In the second case, the 
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nanoparticles have a significantly larger size with relatively broad size distribution, and tend to 
migrate to the multilayer surfaces.  These characteristics can be generated in the 
(PAH7.5/PAA3.5) multilayer system through two processes: (i) by loading the multilayers in 
gold salt at pH 1.8, or (ii) by pre-fabricating a porous structure in the multilayers by an acidic 
water treatment (pH 2.5), followed by gold salt loading at pH ≤ 2.3.  Thus it appears that the key 
factors dictating the gold nanoparticle size and spatial distribution are the concentration of gold 
complex ions bound to the film and the density of the amine/ammonium groups they reside on, 
which can be manipulated through the film assembly and post-assembly processing conditions.     
 
Conclusions 
 We demonstrate that successful in situ synthesis of gold nanoparticles in PEMs can be 
achieved provided the films, assembled at specific pH conditions, can generate free ammonium 
groups under suitable post-assembly processing conditions.  In particular, we show that in both 
(PAH7.5/PAA3.5) and (PAH9.3/PSS9.3) multilayer systems, the gold binding capacities of the 
films increase dramatically below pH values of about 2.5 and 5.0, respectively, compared to that 
at higher loading pH levels.  These substantial differences in gold binding capacity arise from 
molecular rearrangements in the films that result in porosity and swelling transitions in the 
PEMs.  The proposed gold binding mechanisms in both high and low gold salt binding regimes 
are supported by previous studies of post-assembly molecular rearrangements in the same 
multilayer systems.  Based on these gold binding mechanisms, the film assembly (e.g. pH) and 
post-assembly processing conditions (e.g. gold salt loading pH and pre-fabrication of a porous 
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structure prior to gold salt loading) can be manipulated for systematic control over the size and 
spatial distribution of the gold nanoparticles in the multilayers.  
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Experimental Methods 
Materials.  Poly(allylamine hydrochloride) (PAH) (Mw 70 000) (Sigma-Aldrich) was used as 
the polycation; poly(acrylic acid) (PAA) (Mw 90 000, 25% aqueous solution) (Polysciences) and 
poly(sodium-4-styrene sulfonate) (PSS) (Mw 70 000) (Sigma-Aldrich) were used as polyanions.  
All polyelectrolytes were used as received without further purification and were prepared as 10-2 
M solutions (based on the repeat-unit molecular weight) in ultrapure 18 MΩ·cm deionized water 
(Millipore Milli-Q).  The polyelectrolyte solutions were adjusted to the desired pH (±0.01) with 
1M HCl or 1M NaOH.  The substrates used for PEM assembly were glass slides (VWR 
International), polished single-crystal (<100>) silicon wafers (WaferNet), and tissue-culture 
polystyrene (PS) (Nalge Nunc International).  Gold (III) chloride trihydrate (HAuCl4·3H2O) 
(Sigma-Alrich) was prepared as 5mM solutions (pH 2.3) with Millipore water and stored away 
from light.   
PEM assembly and characterization.  PEMs were formed by immersing substrates into a 
polycation solution (PAH) for 15 min., followed by three water rinsing steps (2, 1, 1 min.), using 
a programmable slide stainer (Zeiss).  The substrates were then immersed into a polyanion 
solution (PAA or PSS) for 15 min., followed by identical rinsing steps.  A single adsorption of 
polycation followed by polyanion on the substrate is defined as a bilayer.  A PEM notation of 
(PolyA x/ PolyB y)z is used, where PolyA represents the first polyelectrolyte adsorbed onto the 
substrate, its assembly pH, x, the second polyelectrolyte, PolyB, its assembly pH, y, and the total 
number of bilayers, z.  In this study, all PEMs were processed and characterized right after film 
assembly.  Dry film thickness was measured using a Tencor P10 profilometer.  In some cases, 
film thickness, in contact with a selected aqueous solution, was measured in situ using a quartz 
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cell and a J.A.Woollam Co., Inc. VASE spectroscopic ellipsometer.  In situ ellipsometry 
measurements were collected 10 min. after the sample was immersed in the desired solution.  
Data were collected between 300-1000 nm at a 70° incidence angle and was analyzed with 
WVASE32 software package, fitted with a Cauchy model, which assumes the real part of the 
refractive index, nf, as a function of wavelength, λ, to be ( ) 2 4n nf n
B Cn Aλ
λ λ
= + + , where An, Bn, 
and Cn are constants.  The refractive index of 5mM gold salt solution was assumed to be close to 
that of water (1.33).  The extent of swelling of the PEMs in solution was defined as 
100%Film thickness in solution Film thickness in dry stateExtent of Swelling
Film thickness in dry state
−
= ×
. 
Gold loading and reduction.  PEMs were immersed in gold salt solutions (5mM) at the 
desired pH in the dark for 15 min., followed by three water rinse steps (2, 1, 1 min.), and air 
dried at room temperature.  The gold salt solution was adjusted to the desired pH (±0.01) with 
1M HCl or 1M NaOH.  The gold salt loaded samples were then irradiated with an ultraviolet 
(UV) lamp (365nm, UVL-28 EL series, UVP, 1300µW/cm2) for 35 hr.  It should be noted that at 
a higher UV density, the reduction time can be greatly reduced to an upper bound of 12 hr.   
Gold nanoparticle characterization.  UV-Vis Spectrophotometry.  Optical transmission 
measurements were conducted using a Varian Cary5E spectrophotometer using air as the 
baseline.  Unless otherwise noted, the absorbance values are from specimens with PEMs on both 
sides of the glass substrates.  The thickness-normalized absorbance spectra (absorbance divided 
by film thickness in nm) measured across one- and two-sided samples were similar but did not 
superimpose exactly due to partial UV absorption by glass substrates at wavelengths shorter than 
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350 nm.  Therefore, normalized absorbance spectra for one-sided samples were more accurate, 
and the values should not be compared directly with two-sided samples.   
Transmission Electron Microscopy (TEM).  PEMs assembled on PS substrates were embedded 
in epoxy (Ladd Research LR white resin) and stored at ambient conditions for 24 hr. prior to 
microtoming using a RMC MT-X ultramicrotome with a diamond knife (Diatome) at room 
temperature.  Samples microtomed at approximately 60 nm (cross-sectional thickness) were 
floated on a trough of DI water, collected on copper TEM grids (Structure Probe, Inc.), blotted 
dry, and were coated with approximately 10 Å carbon using a gold/palladium sputter coater.  
TEM imaging was performed using either JEOL 200CX or JEOL 2011, operated at 200 kV.  
Particle size was measured for each sample using UTHSCSA ImageTool software.  The TEM 
images are always oriented in such way that the PEM is sandwiched between the epoxy on the 
top and the substrate in the bottom.  The reported particle sizes are the number average (µ) from 
at least 1000 particles.  These values should be used as upper bound estimates because larger 
particles were more likely to be counted due to higher contrast. The standard devations (σ) for 
these values are also included.  The particle diameters were measured by hand using software 
without thresholding, thereby eliminating the possibility of any software-induced bias.  The 
particle size distribution was also generated manually based on the measured particle diameters. 
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Chapter 3 pH-Responsive, Reversibly Swellable Nanotube Arrays 
Reproduced in part with permission from Chia, K-K., Rubner, M.F., Cohen, R.E.; 
Langmuir, 2009. 25(24): p. 14044-14052.  
 
 
Introduction 
In previous work from our laboratory, submicron-sized PEM tubes were produced as free 
suspensions in solvents, by using template-based synthesis techniques1.  Others have also 
prepared PEM tubes by using this approach2-10; however, to our knowledge, all literature to date 
describes PEM nanotubes that are completely detached from a surface and characterized in 
suspension or after being collected on a substrate.  A typical scheme involves: (i) the deposition 
of the desired material onto a porous template, (ii) removal of materials residing on the template 
surfaces to allow complete detachment of the tubes from each other upon template dissolution, 
and (iii) dissolution of the template, which releases the newly created nanoelements into the 
solvent.  The nanotubes lose their original orientation and spatial arrangement when suspended 
in a solution or collected on a substrate.   
In this work, the tube arrays were affixed to a substrate thereby allowing them to retain the 
negative image of the template and providing the possibilities for: (i) controlling the orientation 
and spatial configuration of the tubes, and (ii) studying the collective behavior of the tubes with 
specific orientations and spatial configurations.  To do so, only one side of the PEM film residing 
on the template surfaces was removed, while the other side was attached to a substrate.  
Preservation of the film on the other side of the template allows the base of the tubes to be fixed 
62 
 
in place, which is crucial in maintaining the original orientation and spatial configuration of the 
tube arrays. 
 
Template-Based Tube Array Synthesis 
The overall synthesis scheme is summarized in Figure 3.1 and involves: (i) layer-by-layer 
assembly of polyelectrolytes which conformally deposit onto the template, both on the surfaces 
and in the pores, (ii) template attachment to a substrate, (iii) plasma etching on the unattached 
side of the template for selective PEM removal at that surface, and (iv) template dissolution in 
dichloromethane.  
 
Figure 3.1 Schematic of synthesis of surface-bound PEM tube arrays.  An idealized, periodic spatial 
arrangement of pores and tubes are shown for illustration purposes. 
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 Commercially available track-etched polycarbonate (TEPC) membranes were used in this 
study to capitalize on compatibility of typical polycarbonate solvents (e.g. dichloromethane) with 
the PAH7.5/PAA3.5 PEM system.  Certain membranes, such as those made of anodized alumina, 
only dissolve at extremely high or low pH values which can disassemble the PAH/PAA PEM.  
The choice of TEPC membrane was not ideal for the purpose of synthesizing perfectly aligned or 
laterally arranged tubes because of the random pore arrangement produced by particle 
bombardment during membrane production.  Thus, as expected, tube arrays with the same 
irregular orientations and spatial arrangements as the pore structure of the membranes were 
observed.  Studies are underway to develop templates with controlled pore orientation and spatial 
arrangements using materials that dissolve in solvents compatible with the PEM system.  
 
Variation of Tube Size and Shape via Template Alteration 
As mentioned earlier, the use of a sacrificial template results in the formation of tubes with 
shapes and dimensions similar to those of the pores; the tube diameter can therefore be 
controlled directly by varying the pore size and the number of deposited multilayers.  To 
demonstrate this, TEPC membranes with different pore sizes (0.4, 0.8 and 3.0 µm) were 
deposited with the same number of PAH7.5/PAA3.5 bilayers, resulting in the formation of tubes 
with diameters similar to the original template pore sizes (Figure 3.2).  As evident from the 
scanning electron microscopy (SEM) images, with the same number of bilayers (and thus wall 
thickness), the tubes could be hollow or essentially filled (at least as observed from the tip of the 
tubes) depending on the template pore size.   
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Figure 3.2. SEM images of (PAH7.5/PAA3.5)20 PEM tube arrays synthesized with TEPC 
membranes with pore sizes of (a) 0.4, (b) 0.8, and (c) 3.0 μm.  Membranes were attached to a 
substrate with the glossy side facing up.    
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Apart from their length and diameter, control over the opening structure of the nanotubes is 
particularly valuable as this would be expected to influence important surface properties such as 
wettability.  Without alterations of the TEPC membranes, the opening structure of the nanotubes 
was observed to be different depending on the side of the membrane attached to the substrate.  
As shown in Figure 3.3, opening shapes that were either tapered in or fluted out could be 
obtained by simply changing the side of the template that was attached to the substrate.   
SEM images revealed two distinct surface features of the TEPC membranes: one side that is 
smooth with relatively straight projected holes (Figure 3.3a) and the opposite side that is rougher 
with holes that taper out at the template surface (Figure 3.3c).  The surface with better defined 
exit holes appears glossy, whereas the opposite surface exhibits a matte finish.  The difference in 
surface features is probably a result of an “entrance effect” created during particle bombardment 
of the membrane.  As expected, placing the glossy side up led to tubes that were tapered in with 
smaller diameters, while tubes formed with the matte side up exhibit a fluted shape with larger 
opening diameters.  These seemingly small differences were significant enough to alter the 
wettability of the tube arrays.  With either tube opening structure, dry PEM tube arrays (dried 
from solvent) were water repellent due to the composite air-solid interface established by the 
nanotube forest, but advancing water droplet contact angles were consistently higher for tube 
arrays with the fluted opening structure (137° versus 125°) as the composite air-solid interface 
was able to support a larger water droplet without wetting.  This effect may prove useful in the 
design of surface arrays with tunable wetting characteristics.     
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Figure 3.3.  SEM images of: (a) Glossy side of the 0.8 μm-sized TEPC membrane, and (b) the 
resulting tubes; (c) and (d):  similar to (a) and (b) except using matte side of the membrane;  Inset: 
Higher magnification. 
To further enhance the water repellency of these PEM nanotube arrays, the pore openings on 
the matte side surface were expanded by plasma etching.  The plasma etched membrane was then 
deposited with PEMs, followed by the same membrane attachment and dissolution procedures. 
Membranes plasma etched with oxygen for 30 min. ultimately led to tube arrays with a much 
more fluted opening structure (Figure 3.4).  This array of tubes showed static, advancing and 
receding contact angles of 153°, 150° and 135°, respectively. 
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Figure 3.4.  Top:  3-D cartoon rendering of PEM tubes synthesized without alterations on the 
TEPC membrane versus those synthesized with plasma etching of the TEPC membrane prior to 
layer-by-layer deposition;  Bottom:  SEM image of the resulting (PAH7.5/PAA3.5)20 PEM tubes 
following the latter procedure;  Inset: Higher magnification. 
  
Choice of PEM System as the Building Block for Stimuli-Responsive Nanotube 
Arrays 
The PAH7.5/PAA3.5 multilayer was pursued as a stimuli-responsive system based on previous 
work11-14 that found that it and related multilayers, PAH8.6/PAA3.5, demonstrated an ability to 
undergo micro- and nanoporosity transitions after different pH treatments.  In this previous work, 
it was found that nanopores36,39 observed in the dry state could be reversibly opened and closed 
by suitable pH treatments in the wet state.  The possibility of creating nanotubes with 
nanoporous wall structures initially motivated the investigation of this multilayer system; 
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however, as will become apparent, PAH7.5/PAA3.5 multilayers exhibit a wide range of 
interesting stimuli-responsive effects.       
To gain insight into what occurs during the different pH treatments used to activate the 
opening and closing of nanopores, film thicknesses (measured on multilayers supported on 
planar substrates) were measured in situ as a function of the surrounding solution pH by using 
ellipsometry.  Although in a previous study it was found36 that low pH treatments (≤ 2.0) closed 
the nanopores observed in the dry state whereas high pH treatments (≥ 5.5) opened the pores, a 
detailed investigation of the wet state behavior of this multilayer system was not reported.  In 
situ ellipsometry measurements (Figure 3.5a) reveal that the thickness of the multilayer film 
remained constant in the higher pH range, and only started to increase below pH 2.5.  At lower 
pH, the degree of swelling increases dramatically until pH 1.8, below which the multilayer 
disassembles.  The thicknesses reported at the lowest pH values represent an upper limit estimate 
because the refractive index of the multilayer in this highly hydrated state became very close to 
that of water.   This dramatic swelling transition is essentially reversible as long as the solution 
pH is not dropped below 1.8.      
It is interesting to note that the reversibility and magnitude of the swelling transition indicates 
that the change from a porous to non-porous dry state may not be a simple 
carboxylate/carboxylic acid driven process involving the opening and closing of carboxylic acid 
lined pores created during the initial low pH treatment as previously speculated11.  Clearly, the 
presence of a reversible swelling transition shows that whatever multilayer structure is created by 
a subsequent high pH treatment is erased at low pH by the breaking of ionic bonds (full 
mechanism to be discussed below). The swelling and deswelling transitions of the 
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PAH7.5/PAA3.5 film were reversible for at least four cycles (Figure 3.5b) making it a useful 
candidate as the building block for stimuli-responsive nanotube arrays. 
 
Figure 3.5.  In situ ellipsometry measurements of: (a) film thickness and extent of swelling of 
(PAH7.5/PAA3.5)20 PEMs immersed in water at different pHs; (b) extent of swelling and effective 
refractive index of a multilayer film immersed sequentially in water at pH 5.5 and 2.0. 
 
Stimuli-Responsive Nanotube Arrays 
Confocal laser scanning microscopy (CLSM) was used to characterize the swelling transition 
of nanotube arrays fabricated from PAH7.5/PAA3.5 multilayers.  Fluorescently labeled PAH 
was used to provide imaging contrast.  Using a 40x water immersion objective lens, plan view 
images of the tube arrays were collected at each scan height and stacked using the maximum 
function in Adobe Photoshop.  Compiled plan view and side view images of the tube arrays 
immersed in water at different pH are shown in Figure 3.6, with their corresponding 3-D cartoon 
renderings shown in Figure 3.7.  Figure 3.6a shows PEM tubes immersed in water at pH 5.5 with 
dimensions similar to those of the dry tube arrays characterized by SEM (Figure 3.2).  When 
70 
 
immersed in water at pH 1.8, the nanotubes swelled substantially in both the vertical and 
horizontal directions (Figure 3.6b and Figure 3.7), essentially filling much of the space between 
tubes.  In the highly swollen state, the outer diameter and length of the nanotubes increased from 
1.0 to 1.7 μm and 10 to 18 μm, respectively.  Even in the highly swollen state, however, the 
tubes remained intact as individual tubes without dissociating completely or merging irreversibly 
with surrounding tubes, as observed from the pH cycles shown in Figure 3.6 and higher 
magnification images shown in Figure 3.8 and Figure 3.9.  From these images, the swollen tubes 
appeared to be in full contact with the neighboring tubes.  However, when the wall thickness was 
reduced by half (10 bilayers), most tubes were no longer in contact with the neighboring tubes, 
shown in Figure 3.10.  The importance of the percolation effect (in the 20 bilayer sample) will be 
evident when mechanical studies in the following chapter.  The plan view images of the 
nanotube arrays imaged at different tube height (top, middle and bottom) were shown in Figure 
3.11.  The figure also showed that by only increasing the number of bilayers from 14 to 15 and 
16, the contact between the neighboring tubes increased significantly. When the pH is increased 
to 5.5, the tube dimensions for the 20-bilayer tube array decreased but are somewhat larger than 
the original values (height = 12 μm; diameter = 1.2 μm).  This type of swelling-deswelling 
behavior was also consistently observed in studies of films assembled on planar substrates 
(Figure 3.5b).  Thus, the swelling-deswelling transition of the PEM nanotubes was essentially 
repeatable for at least a few cycles. 
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Figure 3.6.  Confocal laser scanning microscopy (CLSM) plan view images of (PAH7.5/PAA3.5)20 
tube arrays sequentially immersed in water at pH 5.5 (a, c, e) and 1.8 (b, d); Inset: higher 
magnification; Below: side view image.  All images were constructed by compiling scans at different 
sample heights and stacking them with the maximum function.  Inset: Higher magnification.  Scale 
bars: 10 μm.  
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Figure 3.7  3-D cartoon renderings illustrating the dimensional changes of the tube arrays 
immersed in solutions with different pH. 
 
 
Figure 3.8.  (a) and (b): Higher magnification plan view CLSM images of (PAH7.5/PAA3.5)20 tube 
arrays immersed in water at pH 5.5 and 1.8, respectively.  Both images scanned at half tube length 
(not compiled from multiple scans at different heights); (c) and (d): compiled side view images of 
(a) and (b), respectively.  Scale bars: 5 μm.   
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Figure 3.9  CLSM plan view images of (PAH7.5/PAA3.5)20 in water at pH 2.0 and 5.5.  Images 
were taken at Z=half the height of the tubes. 
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Figure 3.10  CLSM plan view images of (PAH7.5/PAA3.5)10 in water at pH 2.0 and 5.5.  Images 
were taken at Z=half the height of the tubes. 
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Figure 3.11  Plan and cross-sectional view CLSM images of (FITC-PAH7.5/PAA3.5) nanotube 
arrays.  (a-c): 14, 15 and 16 bL nanotubes imaged at half-height of the tubes; (d-f): 14 bL nanotube 
arrays imaged at top, middle and bottom height of the tubes. 
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Mechanical Actuation of Colloidal Particles by Nanotube Arrays 
The significant change in nanotube diameter and length associated with the reversible 
swelling-deswelling transition provides a means to create simple pH-controlled mechanical 
actuators.  To demonstrate this, a small amount of carboxylate-modified, fluorescent red, 
polystyrene (PS) colloidal particles (2.0 µm size) was adsorbed onto the nanotube arrays prior to 
CLSM imaging in DI water (pH 5.5).  The particle-bound nanotube arrays were then alternately 
immersed in water at pH 5.5 and 1.8; the resultant constructed plan view images (multiple plan 
view images stacked using the maximum function in Adobe Photoshop) are shown in Figure 
3.12.  Using the same method, side view images were also constructed to show more clearly the 
change in location of the PS particles that occurs when the nanotubes change their dimensions.  
When immersed in water at pH 5.5, the spherical PS particles appear oval with a Gaussian-like 
distribution of fluorescent intensity in the vertical direction (Figure 3.12f), implying vertical 
movement of the PS particles during movement of the sample stage between each height scan 
(the side view images are compilations of multiple images scanned with vertical stage 
movements).  This apparent mobility of the PS particles suggests that they are only loosely 
bound to the nanotubes at pH 5.5.  When immersed in water at pH 1.8, the particles appear to be 
more spherical (Figure 3.12g), signifying a more highly constrained mobility.   At this low pH, 
the nanotubes contain an excess of positively charged amine groups (to be discussed), producing 
a stronger electrostatic binding of the negatively charged colloidal particles.15  This electrostatic 
effect, however, would be mediated by the lower charge density of the PS particles that is also 
anticipated at this lower pH.  The mobility of the PS colloidal particles is also likely to be 
physically/sterically limited by the highly swollen network of nanotubes.  Subsequent immersion 
in water at pH 5.5 deswelled the tubes and moved the colloidal particles back to their original 
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position relative to the substrate surface.   This process is reversible through cycles of high and 
low pH treatments, demonstrating the ability of the stimuli-responsive nanotube arrays to 
reversibly actuate the PS particles and change their binding affinities.  
 
Figure 3.12.  a - e: CLSM plan view images of (PAH7.5/PAA3.5)20 tube arrays lightly decorated 
with 2.0 μm-sized, fluorescent red polystyrene particles.  Sample was sequentially immersed in 
water at pH 5.5 (a, c, e) and 1.8 (b, d); Below: side view of the nanotube arrays; f, g: magnified side 
view images from a and b, respectively.   Images were compilation from scans at different sample 
height and stacked with the maximum function.  Scale bars: 10 μm. 
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Mechanism of the Stimuli-Responsive Behavior and Relation to Nanoporosity 
Transition 
To explain the full suite of stimuli-responsive properties exhibited by PAH7.5/PAA3.5 
multilayers in the form of both planar films and nanotube arrays, it is necessary to take into 
account both the pH-induced swelling-deswelling and porosity transitions in the wet and dry 
states, respectively.  The porosity transition is clearly a consequence of what occurs in the 
solution state.  Previously it was found that, after an initial low pH treatment (≤ 2.0), 
PAH7.5/PAA3.5 and related multilayers could be rendered reversibly nanoporous by subsequent 
pH treatments11.  Specifically, it was found that drying from a pH 1.8 solution produced a dense, 
non-porous film whereas shifting the solution pH upwards followed by drying from a pH 5.5 
solution produced a thicker, low refractive index, nanoporous film.  
In this work, in situ studies in water of both nanotube arrays and planar films reveal that a 
significant and reversible swelling transition occurs at a low pH.  It has previously been 
suggested that treating an as-assembled PAH7.5/PAA3.5 multilayer at low pH (≤ 2.0) breaks 
polymer-polymer ionic crosslinks by protonating a significant fraction of the carboxylate groups 
of PAA, thereby allowing the multilayer to reorganize into a structure that can undergo a 
reversible porosity transition11, 12.  These new in situ results show that the breaking of these ionic 
crosslinks induces a dramatic swelling transition that can be reversed by simply increasing the 
solution pH above the swelling-deswelling trigger point of pH 2.5.  Recent results help to 
provide insights into the underlying mechanism of this swelling transition.40  
In DI water (pH ≈ 5.5), as-assembled (PAH7.5/PAA3.5)20 multilayers swell by ca. 40%, with 
the thickness and refractive index (nf) values of planar films changing from 200 to 280 nm and 
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1.51 to 1.48 respectively.  When immersed in a lower pH solution (e.g. 2.0), the film swells 
dramatically to more than six times its original thickness, as measured by in situ ellipsometry 
(Figure 3.5a, thickness ≈ 1300 nm and nf = 1.34).  Nanotubes, as observed by CLSM (Figure 
3.8b), also undergo this dramatic swelling transition.  The dramatic swelling of the 
PAH7.5/PAA3.5 multilayer is due to the breakage of NH3+ — COO- ionic crosslinks as a result 
of protonation of the carboxylate groups from PAA (State A, Figure 3.13) and is further driven 
by osmotic forces and charge repulsion among the free, positively-charged amine groups 
generated from the breakage of the ionic crosslinks.  We recently reported that this highly 
swollen state exhibits a high capacity to bind negatively charged gold complexes due to the 
abundance of free positively charged amine groups15 created when the acid groups become 
protonated.   Upon drying (Path 4), the multilayer collapses to a dense structure (State C; 
thickness = ca. 170 nm; nf = 1.53).  The decrease in film thickness relative to the as-prepared 
film indicates a slight loss of material during this initial low pH treatment.  However, after the 
first low pH treatment, the dry film thickness measured after subsequent low pH immersions 
remains essentially constant (results not shown).   
If the highly-swollen film (in a low pH solution) is immersed in a higher pH solution (≥ 5.5) 
without drying (Path 1), the extent of swelling of the film decreases as carboxylate-based ionic 
crosslinks are regenerated (State B; thickness = 690 nm; nf = 1.36).  The reformation of these 
ionic crosslinks, however, does not reestablish the low swelling level of the as-assembled 
multilayer, suggesting that the molecular reorganization induced by the first acid treatment has 
irreversibly altered the multilayer organization.  This latter process of reforming ionic crosslinks 
results in a rejection of water from the previously very highly swollen network (microsyneresis).  
Because this water rejection process occurs in a spatially inhomogeneous fashion, micron- (or 
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smaller) sized pockets of water are formed and trapped within the new, tighter network structure.  
When this structure dries, it leaves pores (air pockets) where the water pockets used to be.  An 
accompanying spinodal-like phase separation process may also be in play and cannot be ruled 
out at this point. The spatially inhomogeneous multilayer organization, when dried (Path 2), 
gives rise to the nanoporous film (State D; thickness: 230 nm, nf = 1.37).  Exposing the 
multilayer film from either the dry state or pH 5.5 wet state to a pH 2.0 environment essentially 
erases the nanoheterogeneous structure and reestablishes a high swollen, more homogeneous 
state (State A).    
If the highly-swollen film (in a low pH solution) is dried (State C) and then immersed in a higher 
pH solution (≥ 5.5), the film initially swells to a high level (within seconds) followed by a 
deswelling process (in minutes) (Figure 3.14).  Thus the free ammonium groups present in the 
dried film (previously formed in the low pH, highly swollen state) lead to the initial high 
swelling level of the film.  However, since the higher pH solution deprotonates carboxylic acid 
groups from PAA into carboxylates and reforms carboxylate-based ionic linkages, this high level 
of swelling is quickly followed by deswelling into the heterogeneous state previously described 
(State B).  The rate and extent of swelling in both stages are expected to be strongly dependent 
on the kinetics of three factors: osmotic forces, charge repulsion and ionic cross-linking. 
 
81 
 
 
Figure 3.13  Schematic of proposed molecular arrangements of the polymers in a PAH7.5/PAA3.5 
multilayer film (A and B): in high and low pH solutions; (C and D): morphology of the films upon 
drying. 
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Figure 3.14  In situ ellipsometry measurements of film thickness of a (PAH7.5/PAA3.5)20 PEM on a 
planar substrate, during and after different pH treatments. 
The above mechanism accounts for all of the observations made with the PAH7.5/PAA3.5 and 
PAH8.6/PAA3.5 multilayers driven to the nanoporous state.  In the above scenario, after the 
initial acid treatment, a water rinse at a higher pH is needed to reform ionic crosslinks and induce 
microsyneresis.  In the case of the microporous transition, however, porosity can be induced in 
the dry state by treating the film at pH 2.5 without a subsequent higher pH water rinse13.  At pH 
2.5, a smaller number of ionic crosslinks are broken (Figure 3.5a), apparently resulting in the 
formation of a microheterogenous state in the low pH solution. 
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Conclusions 
An understanding of the pH-triggered molecular rearrangements in PAH7.5/PAA3.5 
multilayers led to the design and synthesis of submicron-sized, reversibly swellable PEM tube 
arrays.  The reversible swelling-deswelling transition of the PEM nanotube arrays, observed 
directly by significant changes in the nanotube dimensions, was further utilized to actuate the 
simple movement of surface bound colloidal particles.  Aided by previous studies, in situ 
characterization of the PAH7.5/PAA3.5 multilayers in the form of substrate-attached nanotube 
arrays provided a more in-depth understanding of the molecular reconfigurations occurring 
during the swelling-deswelling transition in solution and the resultant effects on the molecular 
architecture and physical properties of dry films. 
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Experimental Section 
Materials.  Poly(allylamine hydrochloride) (PAH) (Mw 70 000) (Sigma-Aldrich) and 
poly(fluorescein isothiocyanate allylamine hydrochloride) (FITC-PAH) (Mw 15 000) (Sigma-
Aldrich) were used as polycations, while poly(acrylic acid) (PAA) (Mw 90 000, 25% aqueous 
solution) (Polysciences) as used as the polyanion.  All polyelectrolytes were used as received 
without further purification.  PAH and PAA were prepared as 10-2 M solutions (based on the 
repeat-unit molecular weight) while FITC-PAH was prepared as 0.5 g/L solutions, all in 
ultrapure 18 MΩ·cm deionized water (Millipore Milli-Q).  The polyelectrolyte solutions were 
adjusted to the desired pH (±0.01) with 1M HCl or 1M NaOH.  The templates used during PEM 
assembly were track-etched polycarbonate (TEPC) membranes (Whatman) which have a 
thickness of ca. 10 µm and a variety of pore sizes.  Amine-treated glass slides (Sigma-Aldrich) 
were used as substrates for affixing the template prior to membrane dissolution.  Carboxylate-
modified, fluorescent red, polystyrene beads (2.0 µm) (Sigma-Aldrich) were used for mechanical 
actuation studies. 
PEM assembly and characterization.  PEMs were assembled by immersing a substrate into a 
polycation solution (PAH or FITC-PAH) for 15 min., followed by three water rinsing steps (2, 1, 
1 min.), using a programmable slide stainer (Zeiss).  FITC-PAH was only used for synthesizing 
tubes to be imaged with confocal laser scanning microscopy (CLSM).  The substrates can be 
either glass slides (for assembling flat films) or TEPC membranes (for synthesizing tube arrays).  
The substrates were then immersed into a polyanion solution (PAA) for 15 min., followed by 
identical rinsing steps.  A PEM notation of (PolyA x/ PolyB y)z is used, where PolyA represents 
the first polyelectrolyte adsorbed onto the substrate, its assembly pH, x, the second 
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polyelectrolyte, PolyB, its assembly pH, y, and the total number of bilayers, z.  All PEMs were 
processed and characterized right after film assembly.  Film thickness was measured using a 
J.A.Woollam Co., Inc. VASE spectroscopic ellipsometer.  In some cases where the film was in 
contact with a selected aqueous solution, the film thickness was measured in situ using a quartz 
cell.  Data were collected between 300-1000 nm at a 70° incidence angle and were analyzed with 
WVASE32 software package, fitted with a Cauchy model, which assumes the real part of the 
refractive index, nf, as a function of wavelength, λ, t o be ( ) 2 4n nf n
B Cn Aλ
λ λ
= + +  where An, Bn, 
and Cn are constants.  The extent of swelling of the PEMs in solution was defined as 
Film thickness in solution - Film thickness in dry stateExtent of Swelling =  100%
Film thickness in dry state
×
 
Tube array synthesis and characterization.  After PEM assembly, the TEPC membrane was 
wetted with DI water, placed on an amine-treated glass substrate (which has positive residual 
surface charges) and was heated in an oven at 60°C for 15 min. to enhance electrostatic adhesion 
between the PEM and the glass substrate.  The unattached side of the membrane was then plasma 
etched (Harrick Scientific Plasma Cleaner) in oxygen at 150 mTorr for 15 min. which selectively 
removed the flat film deposited on the membrane surface.  The entire sample was then immersed 
four times in fresh dichloromethane (Sigma-Aldrich) for 20, 2, 2, 1 min.  The dry PEM tube 
arrays were imaged with a high-resolution scanning electron microscope (JEOL 6320 HR-SEM).  
A CSLM (Zeiss LSM 510) was used for in situ imaging in water.  To allow water to penetrate 
through the tubes more easily, a small amount of ethanol (ca. 100 µL) was dropped onto the 
tubes prior to imaging.  In the mechanical actuation studies reported below, the tubes were 
immersed in a suspension of fluorescent red, carboxylate-modified polystyrene beads (Sigma-
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Aldrich) for 10 min. prior to imaging in the aqueous conditions.  For illustration purposes, we 
often construct plan or side view images from CLSM by combining the data from all scan 
heights using the maximum function (the maximum channel values for all non-transparent 
pixels) in Adobe Photoshop CS3. 
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Chapter 4 Modulus Manipulation of Reversibly Swellable Nanotube Arrays 
This was a inter-research group collaborative project with Lin Han from Christine Ortiz’s 
group and Lifeng Wang from Mary Boyce’s group.  My contribution was to synthesize the 
nanotube arrays and characterize them via CLSM microscopy, which provided tube 
dimensions required for simulated nanoindentation conducted by Lifeng Wang.  Lin Han 
conducted experimental nanoindentation via AFM and calculated the modulus values.  
Reproduced in part from a publication submitted to Advanced Materials as this thesis was 
being published. 
 
 
Introduction 
Recent advances in the synthesis of nanomaterials attracted attention to their mechanical 
properties due to the promising new mechanical phenomena not observed on a larger length 
scale.  Several aspects of mechanical properties that are of special interests include 
viscoelasticity, intersurface forces, plasticity, lubrication, energy dissipation, damping and 
fracture.  One group of materials that are of particular interest for mechanical studies are stimuli-
responsive materials, such as those undergoing actuation, swelling, variable permeability and 
wettability, and aggregation1-4. 
 At present, however, most mechanical studies of stimuli-responsive materials are focused on 
their bulk form.  Nanotube arrays, on the other hand, are interesting mechanical study models 
due to their high length-to-diameter and area-to-volume ratios.  With a heterogeneous tube/void 
structure, nanotube forests can introduce additional deformation mechanisms (e.g. compression, 
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tension, shear, buckling, bending and twisting), which promise more interesting structure-
mechanical property responses than their bulk counterparts. 
Stimuli-responsive nanostructured materials are therefore expected to exhibit even more 
exciting mechanical response possibilities, such as fracture toughness increase in multilayered 
systems, increase in compressive strength due to nanogranular friction and percolation effects, 
increase in fraction initiation stress due to the small length scale of constituents (Griffith flaw 
effect), self-oscillating mechanical properties, and increase in energy dissipation due to local 
nanoscale heterogeneity.  Such materials hold potential for use as dynamic substrates for 
fundamental studies of cell behavior, control of particle transport in microfluidic devices and on 
substrates, morphing structures, switchable shock absorbers and autonomous motion. 
Motivated by these prospects, we seek for new insights into the structure-mechanical property 
relationships of stimuli-responsive nanotube arrays, using the pH-responsive reversibly swellable 
PAH7.5/PAA3.5 nanotube system as the study model.  In this chapter, nanoindentation 
experiments were conducted by Lin Han, while finite element analysis of simulated indentation 
was carried out by Li Feng Wang.   
 
Scope of Studies 
The focus of this study is to characterize the mechanical changes following a pH-triggered 
swelling-deswelling transition.  The mechanical responses of the tube arrays were compared to 
that of a flat film (composed of the same material) to decouple the contribution of tube/void 
heterogeneity in the tube array.  While the mechanical study focuses mainly on the force-
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displacement curves and the effective modulus, other mechanical behaviors especially interesting 
for this tube array model were studied, including viscoelasticity, complex dynamic modulus, 
degree of energy dissipation, and nanoscale shear properties. A high resolution atomic force 
microscopy (AFM)-based nanoindentation method, previously developed by Han and co-workers, 
was used by Han to characterize these mechanical behaviors.  Using a 22.5 µm radius spherical 
AFM probe, the measured mechanical properties capture the collective behavior of multiple 
tubes.  Confocal laser scanning microscopy (LSCM) was used by Chia to in situ characterize the 
dimensional changes of the tubes during the swelling-deswelling transitions.  The tube height 
and inner and outer diameters were measured from the CLSM images to be used in FEA 
indentation simulations.  The deformation mechanism and stress-and-strain field in the tube 
arrays and flat film were characterized by Wang using FEA with the measured dimensional 
changes and flat film modulus. 
 
Modulus Manipulation of Nanotube Arrays  
Apart from the intrinsic mechanical property changes within the polymer network, the large 
dimensional changes during the swelling transition (approaching 520% volumetric expansion) 
were promising to significant modulus changes.  Force-displacement curves at different 
indentation rate were measured with the samples immersed in pH-adjusted water.  Figure 4.1a 
illustrates a force-displacement curve at a constant indentation rate of 1 µm/s.  The effective 
moduli for each indentation rate were then calculated based on a substrate-corrected Hertz 
model, shown in Figure 4.1b.  The samples used were PAH7.5/PAA3.5 PEMs in the forms of 
tube arrays (two different wall thicknesses: 10 and 20 bilayers) and a flat film.  
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Figure 4.1  (a) Substrate-corrected force5 versus indentation depth at a constant indentation rate at 
1 μm/s.  (b) Effective modulus as a function of indentation rate, dD/dt.  All samples (flat film, 10- 
and 20-bilayer tube arrays) were immersed in pH-adjusted water solutions during indentation. n ≥ 
10 locations, mean ± SEM in (a), and SEM was less than the size of data symbols in (b). 
The most drastic change in the modulus of the tube arrays was expected to arise from the large 
dimensional changes that accompanied the swelling transition.  Therefore, in their highly-
swollen state (pH 2.0), the tube arrays and flat film were much more compliant than in the non-
swollen state (pH 5.5), as shown from the lower moduli values in Figure 4.1b, and were 
suggested from the lower force-displacement slopes.  The reduction in modulus upon the 
swelling transition was largely due to the significant decrease in the polymer network density, 
with a high influx of water occupying spaces between the sparsely distributed polymer chains.  
The reduced number of ionic cross-links between the polymer chains at this low pH further 
lowered their resistance to compression.  It should be noted that these moduli values were highly 
reproducible after repeated swelling-deswelling transitions; the error bars were smaller than the 
data points hence were not shown. 
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Aside from the drastic modulus change accompanying the swelling transition, it is also useful 
to manipulate the effective modulus of the tube arrays by physically altering the tube 
dimensions.  A simple way to do so is to vary the tube wall thickness while keeping other 
dimensions constant.  This modulus-tuning approach was illustrated in the moduli values of the 
10- and 20-bilayer tube arrays in Figure 4.1b: the 10-bilayer tube array, which had half the tube 
wall thickness to that of the 20-bilayer tubes, had lower moduli values in both swollen and non-
swollen states.   Since the tube wall thickness can be precisely controlled by altering the PEM 
assembly conditions (e.g. solution pH and number of bilayers), this high resolution tube array 
modulus-tuning approach greatly highlights one of the distinctive features readily available with 
the layer-by-layer technique. 
The next question was to investigate how the incorporation of a secondary structure (in the 
form of tube arrays) affected the modulus when compared to a flat film.  As expected, the tube 
arrays were more compliant in both their swollen and non-swollen states (except in one case 
where they were both as compliant).  This observation were attributed to two factors: (i) a lower 
overall polymer network density in the heterogeneous tube/water composite structure within the 
tube arrays, and (ii) the presence of additional deformation mechanisms arising from the tube 
array secondary structure, especially from tube bending and buckling; both factors led to a 
reduced compressive resistance of the overall structure.  Interestingly, this disparity was 
eliminated when the tubes were completely intact with the neighbouring tubes, resulting in a 
homogeneous tube/water structure identical to that of a flat film.  This was the case in the highly 
swollen 20-bilayer tube array, which had very similar moduli values with that of a swollen flat 
film across all indentation rates (Figure 4.1b). 
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Viscoelasticity of PEM in Flat Film and Nanotube Arrays 
While conducting these indentation experiments, non-negligent indentation-rate dependency 
signifying the presence of viscoelasticity in the PEM were observed.  The indentation-rate 
dependency on the modulus was previously illustrated in Figure 4.1b.  To characterize this 
viscoelastic component, the relaxation behavior of the PEM – in the form of a flat film and tube 
arrays (10 and 20 bilayers) – was measured as a function of time, in both their swollen and non-
swollen states, shown in Figure 4.2. 
 
Figure 4.2  Average force relaxation curves of a PAH7.5/PAA3.5 flat film and a 20-bilayer tube 
array after continuous-loading indentation, normalized to the maximum force.  Samples were 
immersed in pH-adjusted water during indentation. 
All samples displayed relaxation behavior in both their swollen and non-swollen states.  The 
relaxation behavior was mostly attributed to the viscoelastic material instead of due to fluid flow, 
because the extent of force relaxation was much greater than that expected from poroelasticity 
given how relatively low the water content was within the polymer network (~50%)6.  The fact 
that both tube arrays and the flat film displayed identical force relaxation patterns, shown by 
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their overlapped force-time curves, suggested that the tube array secondary structure contribution 
to the viscoelastic behavior of the tube arrays was negligible. 
From Figure 4.2, comparisons of the relaxation behavior in both the swollen and non-swollen 
states revealed that the relaxation behavior was more pronounced in the non-swollen state (pH 
5.5).  This trend, also revealed in Figure 4.1b, was consistent with the hypothesis that the force 
relaxation of the PEM arose from the local rupture of amine-carboxyl ionic cross-links within the 
deformation zone7, which led to a decrease in compressive resistance.  Therefore, PEMs in the 
non-swollen state (pH 5.5), which had a significantly higher polymer network cross-link density, 
showed a more pronounced relaxation behavior.  Furthermore, in the highly swollen state, 
electrostatic repulsion between the positively-charged ammonium groups added an elastic 
component that decreased the viscoelasticity contirbution. 
 
Simulated Nanoindentation Using Finite Element Analysis 
Microstructurally-specific finite element analysis (FEA) indentation simulations were 
conducted in parallel to indentation experiments to gain insights into the deformation patterns 
and stress-and-strain fields within the tube arrays upon compression.  Details of the FEA 
simulation methods were attached in supporting information at the end of this chapter.  To more 
closely predict the tube response to indentation and the effective modulus, measured modulus of 
a PEM flat film (from indentation) and tube dimensions (from confocal fluorescent microscopy 
images) were used in the FEA simulation.  FEA simulation predictions of the stress field and 
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deformation mechanism in the flat film and tube arrays (10 and 20 bilayers) in both their swollen 
and non-swollen states were depicted in Figure 4.3.    
 
Figure 4.3  Finite element analysis predictions of stress field and deformation mechanisms in the 
flat film and tube arrays. 
Upon indentation, the flat film showed a continuous, multi-axial distributed stress-and-strain 
field throughout the film, resembling a classic Hertzian contact, at both swollen (pH 2.0) and 
non-swollen states (pH 5.5).  The simulation results were independent of the indentation depth 
and extent of swelling, although were somewhat substrate constrained.   
As evident from Figure A, in the non-swollen state (pH 5.5), the spaces in between the tube 
posts caused the stress-and-strain field to be distributed non-continuously throughout the tube 
array.  Simulation indentation results on the tube revealed additional deformation patterns not 
observed in a flat film.  Particularly, tubes that were compressed at the center of the probe 
showed buckling and bending, while tubes farther away from the center bent outwards by the 
probe, or some indirectly by the neighbouring tubes.  At the swollen state (pH 2.0), the increase 
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in tube volume and outer diameter led to a shorter inter-tube distance, and as a result, allowed the 
tubes to transfer the compressive stress more continuously, e.g. the case of a 10-bilayer swollen 
tube array.  The stress transfer was expected to be more continuous within the tube array with 
decreasing inter-tube distance, as the additional tube deformation mechanisms become less 
pronounced.  When all neighbouring tubes were intact, e.g. in the case of the 20-bilayer tube 
array in its swollen state, a continuous multiaxial stress field was observed within the tube array 
that was identical to that observed in a flat film.  The similarity in stress field between the 20-
bilayer swollen tube array and the flat film further explains the similarity in moduli between both 
systems in the swollen state. 
 
Modulus Change Ratio as a Function of Tube Cross-sectional Area  
Another way to illustrate the modulus change from the swelling/deswelling transition in tube 
arrays of different dimensions (e.g. tube wall thickness) is by presenting the modulus change 
ratio as a function of tube cross-sectional area.  The modulus change ratio was defined as the 
ratio of the (higher) modulus at the non-swollen state to the (lower) modulus at the swollen state.  
The effective modulus of the tube arrays was expected to increase with increasing cross-sectional 
area (higher density of polymers to resist compression) and reduced distance between the tubes 
(less tube buckling/bending effect).  The modulus change ratio values, measured experimentally 
and predicted by FEA, were presented as a function of the tube cross-sectional area in Figure 4.4.  
When predicting the modulus change ratio using FEA, two scenarios had to be considered: if the 
tubes were completely intact with other neighbouring tubes, or not.  The exact tube cross-
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sectional area at which this occurs was not known, hence overlapping trend lines from both 
scenarios were presented (figure to be corrected with trend lines extended). 
FEA simulation predicted the modulus change ratio to be more sensitive to tube cross-sectional 
area at higher indentation rates, which was consistent to observations in Figure 4.1b.  When the 
tubes were not completely intact with other tubes, the modulus change ratio values were higher 
and more sensitive to the tube cross-sectional area and inter-tube distance, as shown from their 
larger slope.  On the other hand, the modulus change ratio values were decreased and became 
less sensitive to the tube cross-sectional area (inter-tube distance remained zero) when the tubes 
were completely intact with neighbouring tubes.  The complete contact among all tubes 
eliminated most of the tube buckling/bending deformation mechanisms, which in turn increased 
the compressive resistance and the effective tube array modulus in the swollen state.  It is worth 
noting that the experimental values were reasonably close to the FEA predicted trend lines, 
which was not too unexpected with the use of experimentally measured PEM flat film modulus 
and tube dimensions in the FEA simulations. 
 
Design Rules for Systematic Control over Effective Modulus Based on Finite 
Element Analysis Simulation 
We demonstrate in this section design rules for systematic control over the effective modulus 
and modulus change ratio of the PEM tube arrays.  Tube parameters that were discussed here 
include: tube height, inner and outer diameter, cross-sectional area, and center-to-center distance.  
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Overall, the effective modulus increases with increasing tube cross-sectional area, decreasing 
inter-tube distance (Figure 4.5).  
  
Figure 4.4  Modulus change ratio due to swelling/deswelling transition of tube arrays as a function 
of tube cross-sectional area.  Data points represent experimentally measured values; trend lines 
were predicted by finite element analysis: Green when tubes are not in full contact with the 
neighboring tubes; red when they are. 
 
Figure 4.5  Modulus change ratio due to swelling/deswelling transition as a function of tube cross-
sectional area and tube center-to-center distance w for two different tube heights, assuming 
constant tube outer diameter dout = 1.2 μm at pH 5.5, and increase to 1.8 μm at pH 2.0. 
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Other Mechanical Properties 
Other deformation modes of the tube arrays were also studied using AFM-based dynamic 
oscillatory loading and shear.  Figure 4.6a and b showed that frequency-dependent complex 
dynamic modulus (E*(f)) and loss tangent (tanδ(f)) from nanoscale dynamic oscillatory loading 
experiments were strongly dependent on the extent of swelling of the tube arrays.  In the swollen 
state (pH 2.0), a peak in tanδ was observed at ca. 10 Hz for the flat film but not in the tube array, 
possibly due to the much higher poroelastic energy dissipation from increased effective hydraulic 
permeability within the tube arrays, owing to the pores in between the tubes (see supporting 
information at the end of chapter, Section 3).  In the non-swollen state (pH 5.5), the different 
deformation modes in the film (continuous multiaxial stress field) versus the tube arrays (non-
continuous stress field due to tube buckling/bending) led to different frequency-dependent 
energy dissipation.  
Using nanoscale shear experiments, the lateral linearity ratio μ (slope of lateral versus applied 
normal force) was found to be strongly dependent on the extent of swelling of the tube arrays, 
and was different than that of a flat film (Figure 4.6c).  In the non-swollen state (pH 5.5), higher 
viscoelasticity in the PEM resulted in a higher lateral linearity ratio.  Compared to the flat film, 
the tube array had a lower lateral linearity ratio due to a decreased lateral resistance with the 
presence of inter-tube spaces.  In contrast, in the swollen state, the tube array had a higher lateral 
linearity ratio than the flat film.  This disparity, however, was an artifact of the substrate effect in 
the flat film sample, which reduced the indented depth of the probe (Supplementary Information, 
Section 1).  
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 Figure 4.6  (a) Dynamic indentation complex modulus (|E*|) and (b) loss tangential (tan δ) of a flat 
film and a 20-bilayer tube array, as a function of frequency (n = 8 locations). (c) Lateral linearity 
ratio μ (slope of lateral versus applied normal force) versus lateral displacement rate (n = 30 
locations).  (mean ± SEM in (b), SEM was less than the size of data symbols in (a, c)). 
 
Conclusions 
We demonstrate that the effective modulus of PAH7.5/PAA3.5 tube arrays can be reversibly 
manipulated via a pH-triggered swelling/deswelling transition.  Compared to a flat film, the 
effective modulus was lower in the tube arrays, and was a strong function of the extent of 
swelling, inter-tube distance, tube wall thickness, and tube cross-sectional area.  When the tubes 
were all intact with the neighbouring tubes, transition from the discontinuous stress field in the 
tube arrays to a continuous multiaxial stress field identical to that of a flat film occurred.  Finite 
Element Analysis (FEA) simulations provided more insights into the additional deformation 
mechanisms only observed in the tube arrays but not the flat film, and provided design rules for 
modulus-tuning for tube arrays of different dimensions and geometry.  
 102 
 
Experimental Section 
Fabrication and Nanomechanics Experiments.  Poly(allylamine hydrochloride) (PAH) (Mw 
70,000) (Sigma-Aldrich) and poly(acrylic acid) (PAA) (Mw 90,000, 25% aqueous solution) 
(Polysciences) tube forests (PAH7.5/PAA3.5)X (number of bilayers X = 10, 15 and 20) and 
multilayered film (PAH3.5/PAA7.5)70 were assembled at pH 7.5 and 3.5 polyelectrolyte 
solutions, as described previously 8. The heights and diameters of the tube arrays were measured 
via fluorescence microscopy 8. The thickness of the planar film was measured via selective film 
removal and contact mode atomic force microscopy 9 (see Section 2).  
Displacement-controlled nanoindentation and force relaxation experiments were conducted via 
the indenter mode of the 3D Molecular Force Probe (MFP-3D, Asylum Research). Indentation 
was conducted at constant loading/unloading rates (0.1 – 10 µm/s). For the force relaxation, 
constant indentation depth was maintained during the hold period by adjusting the z-piezo 
displacement rate to compensate for the cantilever bending. All of the experiments were 
performed in pH 2.0 (0.01 M HCl) and 5.5 (0.01 M NaCl) aqueous solutions via a neutral, 
hydrophilic polystyrene colloidal probe tip assumed infinite modulus (~ 4 GPa10) comparing to 
the tested material (end radius R = 22.5 µm, nominal spring constant k ~ 14 N/m, Novascan). 
Indentation force curves were analyzed via MatLab R2009a (MathWorks). For each indentation 
curve, the initial contact point between the probe tip and the tubes were determined via an 
algorithm reported previously for soft materials in the absence of attractive interactions 11. 
Values for effective indentation modulus Eind were calculated via the finite thickness substrate-
corrected Hertz model 5, assuming indentation on a homogeneous layer. As Eind varied in several 
orders of magnitude at different pH, the average indentation depths during force relaxation at 
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similar maximum force (~ 1.2 μN at 1 μm/s indentation depth rate) were 14 nm for film at pH 
5.5, 181 nm for tube forest at pH 5.5, 796 nm for film at pH 2.0 and 884 nm for tube forest at pH 
2.0. One-way repeated-measure analysis of variance was applied to study the rate dependence, 
where significant rate dependence of Eind was found for all the systems (p < 0.001). Un-paired 
student’s t-test was applied to study the effect of geometry and pH, both of which significantly 
affect Eind at all the tested rates (p < 0.01), except for Eind at pH 2.0 for 20-bilayer tube forest and 
film.  
Nanoscale dynamic oscillation test was performed for 8 locations on each of the film and 20-
bilayer tube forests at each pH using the same tips and a MultiMode AFM (Veeco). Using an 
external electronic wave generator (Model 645, Berkley Nucleonics), nanoscale dynamic 
oscillation (~ 2 nm z-piezo displacement amplitude) at each indentation location and each 
frequency (f = 1 – 316 Hz) was superposed to a 45-second hold over a constant static indentation 
depth, as described previously 12. The static indentation depth for each condition was 
corresponding to ~ 1.2 μN of static indentation force. Complex dynamic modulus |E*| was 
calculated on the dynamic oscillatory data via the Taylor expansion of substrate-corrected Hertz 
model 5, 13. Degree of energy dissipation tanδ was calculated as the tangential of phase lag in 
sinusoidal wave of indentation depth with respect to force. Two-way analysis of variance was 
applied to test the effect of frequency, pH and geometry (film versus tube forest). Frequency, pH 
and geometry (at pH 5.5) was found to significantly affect both |E*| and tanδ (p < 0.0001). At pH 
2.0, tanδ was significantly different for the film and tube forest (p < 0.01), but not |E*|.  
Nanoscale shear properties of the film and 20-bilayer tube forest were measured using the 
same tip in the same solution conditions via lateral force microscopy using the MFP-3D (Asylum 
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Research). For each pH and geometry, lateral forces were measured for 30 different scan lines 
over 0 – 1.5 μN applied normal forces at 1 – 100 μm/s lateral displacement rates. Lateral forces 
were quantified via the improved wedge calibration method, described previously 14, 15. Lateral 
linearity ratio μ was calculated as the slope of lateral versus applied normal force using least-
squares linear regression at each lateral displacement rate, pH and geometry. Two-way analysis 
of variance was applied to test the effect of displacement rate, pH and geometry, where all of 
these factors were found to significantly affect μ (p < 0.001).  
Finite Element Analysis.  For the planar film, the stress distribution upon indentation was 
simulated via an axisymmetric finite element analysis (FEA) nanoindentation model using a rigid 
spherical indenter with radius R = 22.5 µm. At each indentation rate, the indented samples were 
modelled as isotropic elastic material using four-node axisymmetric elements in ABAQUS. 
Large-deformation theory and frictionless contact between the indenter and material were 
assumed, given the absence of tip-sample adhesion and low friction coefficient measured via 
nanoscale shear experiment (Fig. 3c). For the tube forests, a nonlinear FEA was used to analyze 
the mechanics of deformation by the same indenter. At each indentation rate, the tubes were 
modelled with the same inherent material properties as the film at the same strain rate. The force-
indentation depth behavior of the tube forests were simulated separately at pH 5.5 and 2.0 with 
the experimentally-measured tube forest geometrical parameters (see Section 2). Stress-
transferring between the neighboring tubes were considered if swelling resulted in inter-tube 
contact at pH 2.0 (e.g., 15- and 20-bilayer tube forests). The force-depth behavior of indentation 
into tube forests is a depth-dependent behavior governed by compression, bending, and buckling 
of the tubes. The simulated force-indentation depth curves were then subjected to substrate-
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corrected Hertz model5 to calculate the effective indentation modulus and mechanomutability 
(see Fig. 1d). In addition, parametric studies on mechanomutability was conducted using the 
same protocol with varying tube forest geometrical parameters, and the same inherent material 
properties at 1 μm/s indentation rate (see Fig. 2b).   
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Supporting Information  
1. Dimensions of PAH/PAA film and tube forests 
 
pH System inner diameter outer diameter 
tube height/ 
film thickness 
din (μm) dout (μm) H (μm) 
5.5 
10 BL tube forest 0.58 ± 0.10  1.16 ± 0.16  12 
15 BL tube forest 0.49 ± 0.16 1.16 ± 0.20 12 
20 BL tube forest 0.36 ± 0.11 1.17 ± 0.18 12 
planar film --  -- 2.09  ± 0.07  
2.0 
10 BL tube forest 0.86 ± 0.27  1.70 ± 0.30 18 
15 BL tube forest 0.82 ± 0.26 1.77 ± 0.25 18 
20 BL tube forest 0.48 ± 0.25  1.81 ± 0.29 18 
planar film --  -- 8.27 ± 0.52  
 
Table S1. Summary of pH-dependent dimensions of PAH/PAA polyelectrolyte multilayer tube 
forests (10, 15 and 20 bilayers) and planar film (70 bilayers) dimensions (mean ± standard 
deviation of means). Planar film thickness was measured by selective removal and contact mode 
atomic force microscopy. Tube forest measurements were carried out by fluorescence 
microscopy after immersion in a suspension of fluorescent-red carboxylate-modified polystyrene 
beads, where average tube center-to-center distance w was measured to be 1.8 μm.  
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2. Effect of structure and geometry heterogeneity of tube forests.  
 
Note that the structure and geometry heterogeneity were observed in the fabricated tube forests, 
including tube height distribution, tube radius, tilt angle, tube areal density and heterogeneous 
spatial arrangement, which can affect the effective property. Parametric studies were conducted 
to show these effects on the effective indentation behaviours of tube forests (see Figure S1-S3). 
The FEA simulations used to compare experimental results consider homogeneous tube 
alignment and average geometry and distribution of the tubes.  
 
 
Figure S1. Effect of areal density of tube forests on the load-depth behavior of FEA simulation 
for pH 5.5 case. Black indicates experimental data at 5 different locations; blue indicates model 
prediction with average areal density; red indicates model prediction with 20% change in area 
density. 
 
Figure S2. Effect of tilted angle on the load-depth behavior of tube forests in FEA simulation for 
pH5.5 case. 
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Figure S3. Effect of height distribution on the load-depth behavior of tube forests in FEA 
simulation for pH5.5 case.  
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3. Estimation of characteristic poroelasticity frequency for PAH/PAA film and tube forests 
 
Assuming dry density of PAH/PAA PEM film, ρ = 1 g/cm3 = 1,000 kg/m3, given the height for 
the 70-bilayer PEM is, 
nmh 912=  
The total mass of one m2 sized film is hence, 
kgmhm PAAPAH
42
/ 1012.91
−×=⋅⋅= ρ  
The molecular weight for per structure unit of poly(acrylic acid) (PAA) and poly(allylamine 
hydrochloride) (PAH) is, 
molkgmolgwPAH /0935.0/5.93 ==  
molkgmolgwPAA /072.0/72 ==  
Upon assembly, the ionization degree is ~ 70% for PAH at pH 7.5, and ~ 55%, hence, the molar 
number of PAH and PAA within 1m2 sized film is, 
055.070.0 =− PAAPAH MM  
41012.9072.00935.0 −×=+ PAAPAH MM  
Here, we get molM PAH
31093.4 −×= , molM PAA
31027.6 −×=  for per 1m2 sized film.  
At pH 2.2, the film expand to H = 8.274 μm, given the ionization degree is ~ 100% for PAH, and 
~ 37.5% for PAA, the volume charge density for the PEM film at pH 2.0 is, 
( ) 3
2 /3111
%5.37%100 mmol
mH
MMD PAAPAH =
×
×−×
=  
Average charge distance is hence, 
( )
nmm
ND
d
A
75.11075.11 93/1 =×=×
= −  
This d value is close to the average GAG-GAG distance in cartilage 1, hence assume the 
hydraulic permeability similar to that of cartilage k ~ 10-15 m4 N-1 s-1 2, as the hydraulic 
permeability is determined by the nanoscale pore size in the biphasic porous medium 2, 3. For 
both the film and 20-bilayer tube forest system, with bulk modulus H ~ 100 kPa (Fig. 4b in the 
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main text). For these systems, the characteristic poroelastic fluid flow length scale Lp can be 
estimated as,  
(a) The planar film is a microscopically continuum medium, where the fluid is expected to 
flow through the whole contact area to leave the film. Lp is hence determined as the 
radius of the contact area, given ~ 0.8 μm indentation depth using a spherical tip with R = 
22.5 μm, 
 
( ) mmLp µµ 95.58.05.225.22 22 =−−≅  
(b) The tube forest is micro-porous medium, with empty spaces within the center region of 
the tubes and between the tubes. Fluid is expected to flow through the tube walls to leave 
the tube medium. Lp can be approximated as the tube wall thickness,  
 
( ) mmmLp µµµ 66.02/48.081.1 =−≅  
The characteristic poroelastic frequency fp is hence estimated as, 
(a) For the planar film, 
( )
Hz
L
Hkf
p
p 8.2~
1095.5
1010
26
155
2 −
−
×
⋅
=≅  
(b) For the tube forest, 
( )
Hz
L
Hkf
p
p 230~
1066.0
1010
26
155
2 −
−
×
⋅
=≅  
Given the different characteristic fluid flow length scale Lp involved in these two systems, the 
expected poroelastic frequency fp is ~ 2 orders or magnitude different. In the dynamic oscillatory 
indentation experiment (Fig. 4c in main text), a peak in energy dissipation at oscillation 
frequency f ~ 5 – 10 Hz was observed for the planar film. For the tube forest, the energy 
dissipation was approximately constant up to ~ 100 Hz, and increased at 316 Hz (higher 
frequencies were not tested due to instrumentation limit). Observations of the energy dissipation 
for both systems agree with the theoretical calculation based on fluid-flow induced 
poroelasticity.  
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Chapter 5 Controlling Nanotube Array Wettability via Tube Opening Structure Alteration 
This was a research project for Erin Goodwin, a student from Roxbury Community 
College, under my supervision.  Goodwin created the nanotube arrays and measured the 
water contact angles; my contribution was to design the experiments and characterize the 
nanotube arrays using scanning electron microscopy. 
 
 
Introduction 
Inspired by naturally hydrophobic lotus leaves, micrometer- and sub-micrometer-sized arrays 
have been synthesized to create hydrophobic surfaces.   The water-repellent characteristic of 
micro- and nano-arrays arises from the presence of a composite air-solid interface supporting a 
larger water droplet without wetting.  As described in Chapter 3, interestingly, the 
PAH7.5/PAA3.5 nanotube arrays demonstrate water-repellency in spite of the hydrophilicity of 
PAH and PAA.  Because hydrophobicity of post arrays has been shown to be geometrically 
dependent, the wettabilty of the PAH/PAA nanotubes is expected to change depending on the 
opening structure of the tubes.  This chapter demonstrates how alterations on the tube opening 
structure affect the wettability of the nanotube arrays. 
 
Template Alteration by Varying Plasma Etching Condition 
The synthesis of PEM nanotube arrays, previously described in Chapter 3 and shown in Figure 
3.1, involves the following: (i) layer-by-layer assembly of polyelectrolytes onto the template, 
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both on the surfaces and in the pores, (ii) template attachment to a substrate, (iii) plasma etching 
with oxygen on the unattached side of the template for selective PEM removal at that surface, 
and (iv) template dissolution.  The following section focuses on altering the third, plasma etching 
step, after PEM assembly onto the membrane. 
(i) Varying plasma etching time, after PEM assembly.  Membrane glossy side up.   The plasma 
etching time was varied from 15-45 min. at constant pressure of 150mTorr.  The water contact 
angles and SEM images of the resulting tube arrays, with the glossy side of the membrane facing 
up (unattached) during sample preparation, were shown in Figure 5.1.  Across the entire range of 
plasma etching time, all three contact angle measurements (static, advancing and receding) 
remained constant throughout, which were consistent with the similarity of tube opening 
structures observed via SEM.  The results hence showed that at 150mTorr oxygen pressure, a 15 
min. plasma etching time was sufficient to remove all PEM on top of the membrane surface, and 
no apparent damage was caused to the membrane and the tubes after plasma etching for up to 45 
min.  However, the large contact angle hysteresis limited the hydrophobic characteristic of the 
tube array.  
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Figure 5.1 (left) Water contact angles and (right) scanning electron microscopy images of 
(PAH7.5/PAA3.5)20 nanotube arrays synthesized with different oxygen plasma etching time at 
constant 150 mTorr pressure, after PEM assembly.  The glossy side of the membrane was facing  
up (unattached) during sample preparation. (n=3 for each sample). 
Membrane matte side up.  The plasma etching time was varied from 15-45 min. at constant 
pressure (150mTorr).  The water contact angles and SEM images of the tube arrays, with the 
matte side of the membrane facing up when attached to a substrate, were shown in Figure 5.2.  
Across the entire range of plasma etching time, both static and advancing water contact angle 
measurements remained constant, but the receding contact angle increases with increasing 
etching time.  SEM images showed incomplete removal of the top PEM film after 15 min. of 
etching, which explained the zero receding contact angle.  Other samples with longer etching 
time showed complete removal of the top film, and with similar tube opening structures. The 
increased receding contact angle with increasing plasma etching time, however, suggested more 
complete removal of the top layer of PEM with longer etching times. 
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Figure 5.2  (left) Water contact angles and (right) scanning electron microscopy images of 
(PAH7.5/PAA3.5)20 nanotube arrays synthesized with different oxygen plasma etching time at 
constant 150 mTorr pressure, prior to membrane dissolution.  The matte side of the membrane was 
facing up (unattached) during sample preparation. (n=3 for each sample). 
The differences between these observations compared to samples with the membrane glossy 
side facing up were most likely due to a more efficient PEM removal on the much smoother, 
glossy side of the membrane.  In addition, the higher receding contact angles in tubes with matte 
side of the membrane facing up confirmed the enhanced hydrophobicity with a more fluted tube 
opening structure.  
(ii) Varying plasma etching pressure, after PEM assembly.  Membrane glossy side up.   
Plasma etching pressure was varied from 100-200 mTorr while keeping the etching time constant 
for 15 min.  Water contact angles and the tube opening structure from the SEM images (Figure 
5.3) showed no differences across the entire pressure range.  The less fluted tubes, with glossy 
side of the membrane facing up, again, demonstrated zero-degree receding angles.  
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Figure 5.3 (left) Water contact angles and (right) scanning electron microscopy images of 
(PAH7.5/PAA3.5)20 nanotube arrays synthesized with different oxygen plasma etching pressure at 
constant 15 min. duration, prior to membrane dissolution.  The glossy side of the membrane was 
The glossy side of the membrane was facing up (unattached) during sample preparation. (n=3 for 
each sample). 
Membrane matte side up.   Plasma etching pressure was varied from 100-200 mTorr while 
keeping the duration constant at 15 min.  The water contact angles and SEM images, shown in 
Figure 5.4, showed similar results across different pressures, except at 200 mTorr, where 
incomplete removal of the top PEM led to a significant drop in the receding contact angle.  The 
fluted structure again provided higher receding contact angles compared to those of the tubes 
synthesized with the glossy side of the membrane facing up. 
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Figure 5.4 (left) Water contact angles and (right) scanning electron microscopy images of 
(PAH7.5/PAA3.5)20 nanotube arrays synthesized with different oxygen plasma etching pressure at 
constant 15 min. duration, prior to membrane dissolution.  The matte side of the membrane was 
facing up during membrane attachment.  (n=3 for each sample). 
(iii) Plama etching membrane before PEM assembly.  Another method to alter the membrane 
opening structure is by plasma etching it before PEM assembly.  In this study, the matte side of 
membrane was etched with oxygen at 150 mTorr for 30 min. prior to PEM assembly, and for 
another 15 min. at 150 mTorr after PEM assembly.  Due to the more aggressive etching process 
on the membrane not covered in any film, the resulting tube had a much wider opening structure, 
shown in Figure 5.5.  This array of tubes showed static, advancing and receding contact angles of 
153, 150, and 135º, respectively. 
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Figure 5.5  Scanning electron microscopy images of two magnifications of (PAH7.5/PAA3.5)20 
nanotube arrays synthesized with the following procedure: membrane plasma etched with oxygen 
at 150 mTorr for 30 min., multilayer assembly, plasma etch with oxygen at 150 mTorr for 15 min., 
membrane dissolution. 
 
Increasing Hydrophobicity with Fluorodecyl Polyhedral Oligomeric 
Silsesquioxane (POSS)/Tecnoflon (1:1) coating 
To further improve the hydrophobicity of the tube arrays shown in Figure 5.5, the tubes were 
dip coated with fluorodecyl Polyhedral Oligomeric Silsesquioxane (POSS)/Tecnoflon (1:1), 
which use for creating superhydrophobic coatings had been reported1.  The water contact angles, 
especially the receding angle, increased drastically after the coating (Figure 5.6).  While the 
rapeseed oil static and advancing contact angles were high, the receding contact angles were 
lower.  Nevertheless, the coating greatly improved the hydrophobicity of the tube arrays. 
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Figure 5.6  Water and rapeseed oil contact angles of (PAH7.5/PAA3.5)20 nanotube arrays, coated 
with fluorodecyl POSS/Tecnoflon (1:1) to increase hydrophobicity 
 
Wettability of Tubes after Swelling/Deswelling Transitions 
 The reversible swelling and deswelling of the tube arrays prompted us to study the wettabilty 
of the tube arrays after each transition.  The SEM images of the tubes after each transition, 
shown in Figure 5.7, revealed that after being immersed in pH 1.8 water and dried, the tubes 
were no longer individually recognized; the previously-broken ionic linkages most likely had 
reformed during the drying step, but not exclusively to chains originally from the same tube due 
to the proximity to all other chains from increased surface tension when dried.  After the first 
acidic treatment, the tubes were never reformed, and the film became rougher with more pH 
1.8/5.5 cycles.  
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Figure 5.7  Scanning electron microscopy images of (PAH7.5/PAA3.5) nanotube arrays after 
multiple stages of postassembly treatments.  
 
Conclusions 
The wettability of the PAH7.5/PAA3.5 tube arrays can be altered by varying the plasma 
etching conditions after PEM assembly onto the membrane.  However, direct etching on the 
membrane prior to PEM assembly more aggressively widened the membrane pores, leading to 
the most fluted tube opening structure with the highest water contact angles.  Further coating of 
this tube array in fluorodecyl POSS greatly increased its hydrophobicity. 
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Experimental Section 
Materials.  Poly(allylamine hydrochloride) (PAH) (Mw 70 000) (Sigma-Aldrich); Poly(acrylic 
acid) (PAA) (Mw 90 000, 25% aqueous solution) (Polysciences).  All polyelectrolytes were used 
as received without further purification.  PAH and PAA were prepared as 10-2 M solutions 
(based on the repeat-unit molecular weight), both in ultrapure 18 MΩ·cm deionized water 
(Millipore Milli-Q).  The polyelectrolyte solutions were adjusted to the desired pH (±0.01) with 
1M HCl or 1M NaOH.  The templates used during PEM assembly were track-etched 
polycarbonate (TEPC) membranes (Whatman) which have a thickness of ca. 10 µm and a variety 
of pore sizes.   
PEM assembly and characterization.  PEMs were assembled by immersing a substrate into a 
polyelectrolyte solution for 15 min., followed by three water rinsing steps (2, 1, 1 min.) using a 
programmable spin dipper (Zeiss). 
Tube array synthesis and characterization.  After PEM assembly, the TEPC membrane was 
wetted with DI water, placed on an amine-treated glass substrate (which has positive residual 
surface charges) and was heated in an oven at 60°C for 15 min. to enhance electrostatic adhesion 
between the PEM and the glass substrate.  The unattached side of the membrane was then plasma 
etched (Harrick Scientific Plasma Cleaner) in oxygen at 150 mTorr for 15 min. which selectively 
removed the flat film deposited on the membrane surface.  The entire sample was then immersed 
four times in fresh dichloromethane (Sigma-Aldrich) for 20, 2, 2, 1 min.  The dry PEM tube 
arrays were imaged with a high-resolution scanning electron microscope (JEOL 6320 HR-SEM).  
Water contact angles were measured using a goniometer.  
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Chapter 6 Preliminary Work on Heterostructured, Multi-Stimuli-Responsive Nanotube Arrays 
 
 
Introduction 
The fabrication procedure used to synthesize pH-responsive PEM nanotube arrays using 
porous templates and layer-by-layer assembly can be further applied to the assembly of nanotube 
arrays with other stimuli-responsiveness.  More interestingly, heterostructured PEM nanotube 
arrays composed of multiple PEM systems, each responding to a different stimulus, can be 
readily assembled with the layer-by-layer assembly approach (Figure 6.1).  
 
Figure 6.1  Schematic of layer-by-layer assembly of heterostructured multilayers.  Red/orange and 
green polymers indicate two different PEM systems with each respond to a different stimulus.  
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Magnetically-Responsive Nanotubes 
Magnetic nanoparticles have been commonly incorporated into nanomaterials to mobilize them 
with a magnetic field.  In some cases, magnetic nanoparticles can be used to locally raise the 
temperature of the surrounding medium with the use of near-infrared irradiation.  In the form of 
surface-bound arrays, magnetically-responsive nanowires had been created as biomimetic cilia1.  
Inspired by these prospects, we developed several methods to synthesize PEM nanotube arrays 
embedded with magnetic nanoparticles. 
Commercially available iron oxide (Fe3O4) nanoparticles (abbreviated FeNP) functionalized 
with a negatively-charged hydrophilic surfactant were paired with PAH to form a magnetic 
nanoparticle/PEM composite.  We first attempted to create nanotube arrays with 
(PAH9.3/FeNP9.3)5; nanotube arrays were not formed, most likely due to the lack of mechanical 
robustness that is typically more challenging for a polymer-nanoparticle system than a polymer-
polymer system.  With 10 bilayers of PAH9.3/FeNP9.3, nanotube arrays were formed but the top 
surface was completely covered with a thick layer of PEM/FeNP composite.  The inability of 
oxygen plasma etching to remove inorganic nanoparticles led to the accumulation of 
nanoparticles after each deposition step.    
We then proceeded to create heterostructured PEM nanotube arrays composed of 
PAH7.5/PAA3.5 and PAH9.3/FeNP9.3.  The purpose of the PAH/PAA PEM system is two-fold: 
to use as a rigid support for the less mechanically robust PAH/FeNP system, and to add pH-
responsiveness to the magnetically-responsive PEM/FeNP composite.  SEM images of the 
PAH7.5/PAA3.5 + PAH9.3/FeNP9.3 multilayers as deposited on the membrane, after plasma 
etching, and after membrane dissolution were shown in Figure 6.2. 
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Figure 6.2  Scanning electron microscopy images of (PAH7.5/PAA3.5)7 + (PAH9.3/FeNP9.3)bL 
nanotubes, where in (a-c) bL=4 bilayers and in (d-f) bL=10 bilayers.  The three-image sequence 
represents the PEM/nanoparticle composite as deposited on the TEPC membrane, after plasma 
etching, and after membrane dissolution. 
With the addition of the (PAH7.5/PAA3.5)7 PEM system as a rigid supporting structure, 
nanotube arrays were successfully created with 4 bilayers of PAH9.3/FeNP9.3, shown in Figure 
6.2c.  After plasma etching, a noticeable amount of nanoparticles accumulated on the membrane 
surface but were not aggregated into a thick layer, indicating that PAH was efficiently removed 
during the plasma etching process (Figure 6.2b).  Therefore, individual nanotubes were created 
after membrane dissolution.   
When 10 bilayers of PAH9.3/FeNP9.3 were deposited after (PAH7.5/PAA3.5)7, a thick layer 
of the PEM/FeNP composite accumulated on the membrane surface even after the plasma 
etching step (Figure 6.2e), and remained in place after membrane dissolution.  Thus, individual 
nanotubes were not created (Figure 6.2f).  To overcome this problem, a mechanical removal 
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method, discussed in more detail in Chapter 7, provides an alternative to plasma etching to 
remove PEMs with the presence of inorganic nanoparticles.  With this alternative approach, 
more bilayers of PAH/FeNP can be deposited while the thick layer of PEM/FeNP composite 
formed on the membrane surface can still be removed, thereby allowing more magnetic 
nanoparticles to be incorporated into the nanotube arrays.  
Another way to overcome the nanoparticle accumulation issue is to introduce plasma etching 
after every PAH deposition step (i.e. before FeNP deposition); without PAH on the membrane 
surface, nanoparticle growth was greatly inhibited, as shown in Figure 6.3(a, b); the contrast was 
more evident when compared to the PEM/FeNP covered membrane shown in Figure 6.2(b, e).  
This method can therefore allow a higher number of PAH9.3/FeNP9.3 to be deposited, thereby 
increasing the amount of magnetic nanoparticles incorporated into the nanotube arrays.  
To confirm that magnetic nanoparticles were actually deposited into the tubes and remained 
magnetically-responsive, the plasma etched membrane shown in Figure 6.3(a, b) was dissolved 
without being attached to a permanent substrate to create free-floating nanotubes.  The nanotubes 
were transferred from dichloromethane to ethanol and then to water using a magnet.  Successful 
collection of the free-floating nanotubes using a magnet, shown in Figure 6.3(c, d), confirmed 
the magnetic-responsiveness of the nanotubes. 
Aside from the (PAH7.5/PAA3.5)7 + (PAH9.3/FeNP9.3)4 method, where the entire PAH/FeNP 
system was stacked after the PAH/PAA system, we explored another method of creating 
hetereostructured nanotube arrays via alternating deposition of the (PAH/PAA)1 and 
(PAH/FeNP)2 multilayers.  A few minor modifications were introduced to demonstrate 
alternative ways of constructing these magnetically-responsive nanotube arrays.   
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Figure 6.3  SEM images of (a, b) (PAH7.5/PAA3.5)7 + (PAH9.3/FeNP9.3)3 on a 0.8 µm TEPC, 
oxygen plasma etched (4 min. at 100 mTorr) after each PAH9.3 deposition (before each FeNP9.3), 
and (c, d) after membrane dissolution in dichloromethane:ethanol 9:1 (1x), transferred to 
dichloromethane (3x), ethanol (3x), and finally to water (1x), using a magnet. 
In this method, the PAH/FeNP composite was assembled at pH 4.0 instead of 9.3, and the 
plasma etching process was replaced by a chemical/mechanical removal method.   After layer-
by-layer deposition, the membrane surface was wiped gently with a q-tip soaked with 1M NaOH 
and rinsed with copious amount of water.  Upon membrane dissolution, nanotube arrays were 
formed, as shown in Figure 6.4.  However, it should be noted that the NaOH method is less 
consistent than plasma etching, as if not wiped at the appropriate force and speed, the 
PEM/FeNP composite may be under- or over-removed.  The NaOH method nevertheless 
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Figure 6.4  SEM images of [(PAH7.5/PAA3.5) + (PAH4.0/FeNP4.0)2]10 nanotube arrays after 
membrane dissolution.  PEM/FeNP composite on the membrane surface were removed by wiping 
with 1M NaOH solution. 
provides an alternative to the plasma etching method to more efficiently remove FeNP 
accumulated on the membrane surface. 
To study the magnetic responsiveness of magnetic-nanoparticle-embedded tube arrays, (FITC-
PAH7.5/PAA3.5)7 + (FITC-PAH9.3/FeNP9.3)4 tube arrays were imaged via confocal laser 
scanning microscopy (CLSM) and manipulated using a strong rare-earth magnet.  However, 
CLSM images (results not shown) revealed that the tube arrays were unaffected by the magnet.  
The lack of change in the orientation/position of the tube arrays was most likely due to: (i) 
inadequate amount of magnetic nanoparticles in the tubes, (ii) limit of detection of CLSM for 
small orientation and position changes of the tubes, or (iii) magnetic interferences from irregular 
spacing of the tube arrays.  Nevertheless, successful synthesis of heterostructured nanotube 
arrays composed of pH- and magnetically-responsive PEM/FeNP composite was demonstrated.  
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Thermo-Responsive Polymer Nanotube Arrays 
This project was in collaboration with Wui Siew Tan from Cohen and Rubner groups.  Tan 
had previously conducted extensive studies in the design and synthesis of thermo-
responsive thin films; my contribution was to create nanotube arrays from these thermo-
responsive materials.   
 
Thermo-responsive polymers have great potential for biological applications.  In this project, we 
used a temperature-induced, reversibly swellable polymer system, previously developed by Tan 
et. al.2, comprised of a triblock-copolymer, Poly(N,N-dimethylaminoethyl methacrylate)-b-
poly(propylene oxide)-b-poly(N,Ndimethylaminoethyl methacrylate) (abbreviated “PD-PP-PD”) 
and a polyanion, PAA.  When assembled at pH 7.0, the block-copolymer/PEM multilayers 
demonstrated reversible swelling/deswelling transitions at 6ºC and 22ºC, respectively.  
Mechanisms of multilayer assembly and swelling behavior of the block-copolymer/PEM 
multilayers were reported in the work published by Tan et. al.2. 
The synthesis of PD-PP-PD7.0/PAA7.0 nanotube arrays based on the PAH7.5/PAA3.5 
nanotube array fabrication procedure was straight-forward and successful but required a few 
modifications.  Because the plasma etching rates for both polymer systems were different, the 
plasma etching conditions were modified to more efficiently remove the PD-PP-PD/PAA 
multilayer buildup on the membrane surface.  We found this block-copolymer/PEM system to be 
etched more efficiently at a lower pressure at 100 mTorr (instead of 150 mTorr), even for a 
shorter amount of time (for 10 min. instead of 15 min.).  We also found that bridging/clogging of 
the opening of the pores can occur with this block-copolymer/PEM system (not observed in 
PAH7.5/PAA3.5) when the number of bilayers was high (e.g. 30-50).  The occurrence of 
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bridging only in the PP-PD-PD/PAA system is possibly due to a larger hydrated radius of the 
triblock-copolymer compared to PAH and PAA. 
With these modifications, (PD-PP-PD7.0/PAA7.0)20 nanotube arrays were successfully created 
using 0.8 µm TEPC membranes, shown in Figure 6.5.  As shown from the SEM images, the tube 
arrays clumped together upon membrane dissolution with dichloromethane.  This Marangoni 
effect has been observed in other nanoconstructs, such as carbon nanotubes, during solvent 
evaporation and arises from the dominance of capillary force (from surface tension of the liquid) 
over the rigidity of the nanotube arrays.  
 
Figure 6.5  SEM of (PD-PP-PD7.0/PAA7.0)20 nanotube array created with 0.8 µm TEPC 
membranes. 
When 3.0 µm TEPC membranes that come with wider pore spacing were used, the resulting 
(PD-PP-PD7.0/PAA7.0)10 nanotube arrays remained upright after membrane dissolution, shown 
in Figure 6.6andFigure 6.7, despite only half amount (10 bilayers) of triblock-copolymer/PEM 
was deposited into the pores. 
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Figure 6.6  SEM images of (PD-PP-PD7.0/PAA7.0)10 nanotube arrays, with the glossy side up of 
the membrane facing up.  
 
Figure 6.7  SEM images of (PD-PPO-PD7.0/PAA7.0)10 nanotube arrays, with the matte side of the 
membrane facing up. 
We then created heterostructured polymer nanotubes composed of (FITC-PAH7.5/PAA3.5)7.5 
and (PD-PPO-PD7.0/PAA7.0)30 to incorporate pH- and thermo-responsiveness, respectively.  To 
demonstrate that both polymer systems were present, the nanotube arrays were dyed with 
Rhodamine.  The resulting nanotube arrays, shown in Figure 6.8, revealed a concentric structure 
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with green/yellow circles in the outer region filled with red in the inner region.  Temperature 
swelling studies were not conducted because most microscopes are not equipped with a cold 
stage; a warm stage is much more common for biological applications.  The CLSM images 
nevertheless demonstrated the heterostructured multilayers in the nanotube arrays. 
 
Figure 6.8  (FITC-PAH7.5/PAA3.5)7.5 + (PD-PP-PD7.0/PAA7.0)30 in pH 5.5 DI water at room 
temperature.  Nanotube arrays were dyed with Rhodamine to provide contrast for the block 
copolymer/PEM system. 
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Experimental Section 
Materials.  Poly(fluorescein isothiocyanate allylamine hydrochloride) (FITC-PAH) (Mw 15 
000) (Sigma-Aldrich); Poly(acrylic acid) (PAA) (Mw 90 000, 25% aqueous solution) 
(Polysciences); Poly(N,N-dimethylaminoethyl methacrylate)-b-poly(propylene oxide)-b-
poly(N,Ndimethylaminoethyl methacrylate) (PD-PP-PD) (Mw ca. 1600-3000-1600) (Polymer 
Source).  All polyelectrolytes were used as received without further purification.  PAA was 
prepared as 10-2 M solutions (based on the repeat-unit molecular weight), FITC-PAH was 
prepared as 1g/L solution and PD-PP-PD was prepared as 0.1mg/mL  solution,  all in ultrapure 
18 MΩ·cm deionized water (Millipore Milli-Q).  The polyelectrolyte solutions were adjusted to 
the desired pH (±0.01) with 1M HCl or 1M NaOH.  The templates used during PEM assembly 
were track-etched polycarbonate (TEPC) membranes (Whatman) which have a thickness of ca. 
10 µm and a variety of pore sizes.   
PEM assembly and characterization.  PEMs were assembled by immersing a substrate into a 
polymer for 10 min. (spinned), followed by three water rinsing steps (2, 1, 1 min.) (spinned) 
using a programmable spin dipper.   
Tube array synthesis and characterization.  After PEM assembly, the TEPC membrane was 
wetted with DI water, placed on an amine-treated glass substrate (which has positive residual 
surface charges) and was heated in an oven at 60°C for 15 min. to enhance electrostatic adhesion 
between the PEM and the glass substrate.  The unattached side of the membrane was then plasma 
etched (Harrick Scientific Plasma Cleaner) in oxygen at 100 mTorr for 10 min. which selectively 
removed the flat film deposited on the membrane surface.  The entire sample was then immersed 
four times in fresh dichloromethane (Sigma-Aldrich) for 20, 2, 2, 1 min.  The dry PEM tube 
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arrays were imaged with a high-resolution scanning electron microscope (JEOL 6320 HR-SEM).  
A CSLM (Zeiss LSM 510) was used for in situ imaging in water.  To allow water to penetrate 
through the tubes more easily, a small amount of ethanol (ca. 100 µL) was dropped onto the 
tubes prior to imaging.   
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Chapter 7 Preliminary Work on Cell-Interacting Nanotubes 
This was a collaborative project with Jonathan Gilbert from Cohen and Rubner groups.  
My contribution was to synthesize free-floating cell-interacting nanotubes, while Gilbert 
conducted the cell-tube interaction studies. 
 
 
Cell-interacting nanotubes are particularly interesting for their cylindrical geometry, which has 
multiple surfaces: inner, outer and edges.  These surfaces can be functionalized separately to 
interact with living cells at a special orientation or position.  In this study, we used hyaluronic 
acid (HA) and chitosan (CHI) biopolymer system, which had been extensively studied by 
Vasconcellos et. al.1 and Swiston et. al.2 for cell interaction studies. 
With afew modifications from the previously discussed nanotube array synthesis procedure, 
free-floating (FITC-CHI3.0/HA3.0)20 nanotubes were synthesized and characterized via 
fluorescent microscopy, as shown in Figure 7.1.  To transfer the nanotubes from 
dichloromethane to water, water was added to the vial with ca. 1:1 ratio to dichloromethane, and 
the vial was shaken rigorously.  Due to the hydrophilicity of the nanotubes, some nanotubes were 
transferred to the water phase with this method, shown in Figure 7.2.  The nanotubes were then 
incubated with living B-cells, and were found to attach to the cells, shown in Figure 7.3.  Control 
studies of mixing B-cells with (PAH7.5/PAA3.5)20 free-floating nanotubes shown no cell-tube 
interaction, proving that the cell-(HA/CHI) nanotube interaction was specific, most likely from 
HA-CD44 (on the surface of B-cells) and electrostatic interactions.   
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Figure 7.1  Fluorescent images of free-floating (FITC-CHI3.0/HA3.0)20 tubes in dichloromethane. 
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Figure 7.2  Fluorescent images of free-floating (FITC-CHI3.0/HA3.0)20 tubes, transferred from 
dichloromethane to water through rigorous shaking of the vial. 
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Figure 7.3  Fluorescent/DIC image of (HA3.0/FITC-CHI3.0)20 tube attached to a living B-cell. 
The next interesting path would be to design nanotubes with only HA on the edges to interact 
with B-cells with a different orientation.  Macrophage behavior, for instance, had been reported 
to be depending on the other organism’s entrance angle.  This  
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Experimental Section 
Materials.  Hyaluronic acid sodium salt (HA, from Streptococcus equi sp, Mw ca. 1.63 x 106 
g/mol), and chitosan (CHI, low molecular weight ~ 5 x 104 g/mol, 75-85% deacetylated) were 
used as received without further purification.  HA and CHI were prepared as 1g/L solutions both 
in ultrapure 18 MΩ·cm deionized water (Millipore Milli-Q), and 0.1M NaCl was added.  The 
polyelectrolyte solutions were adjusted to the desired pH (±0.01) with 1M HCl or 1M NaOH.  
The templates used during PEM assembly were track-etched polycarbonate (TEPC) membranes 
(Whatman) which have a thickness of ca. 10 µm and a variety of pore sizes.   
PEM assembly and characterization.  PEMs were assembled by immersing a substrate into a 
polyelectrolyte solution for 10 min. (not spinned), followed by three water rinsing steps (2, 1, 1 
min., spinned) using a programmable spin dipper. 
Tube array synthesis and characterization.  The synthesis of free-floating nanotubes 
required a few minor modifications based on the previously discussed nanotube array synthesis 
method.  First, to construct free-floating nanotubes, placement of the coated membrane to a 
permanent substrate was no longer needed.  After layer-by-layer assembly, the coated membrane 
was plasma etched (on both sides) with CF4/O2 (80:20) at 150 mTorr for 20 min.  The use of 
CF4/O2 mixture was needed to more efficiently remove the HA/CHI PEM coated on the 
membrane surface.  The membrane was then sonicated in DI water for 2 min., and a water-
soaked q-tip was used to rub away any remaining PEM on the membrane surface.  Complete 
removal of the PEM was noticeable when all of the yellow coating disappeared.  The membrane 
was then dissolved in dichloromethane for 10 min., and sonicated for 10 min.  Tetrahydrofuran 
was then added to the vial at a 1:1 ratio to dichloromethane, shaked rigorously before centrifuged 
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for 7 min. at 13.4 x 1000 rpm.  The supernatant was removed, and replaced with 
dichloromethane for 5 min.  The centrifugal procedure was repeated for 3 times.  To transfer the 
free-floating tubes from dichloromethane to water, water was added to the dichloromethane 
contained vial, and the vial was shaken rigorously.   
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Chapter 8 Summary and Future Work 
 
 
Thesis Summary 
This thesis demonstrated the design and synthesis of stimuli-responsive polymer nanotube 
arrays with switchable mechanical properties.  Below is a summary of the main topics presented 
in this thesis. 
Chapter 1 briefly reviewed current research in the synthesis of nanotubes/wires and of stimuli-
responsive materials.  The relatively new membrane-based approach for synthesizing tube arrays 
was introduced, and layer-by-layer assembly was described as a suitable deposition method 
especially for its simplicity and versatility.  Polyelectrolyte multilayers (PEMs) were discussed, 
with a focus on different molecular configurations possible with the use of weak 
polyelectrolytes.      
Chapter 2 presented in situ synthesis of gold nanoparticles in amin-rich PAH/PAA and 
PAH/PSS PEMs achieved by generating free ammonium groups under suitable post-assembly 
processing conditions.  Gold binding mechanisms were proposed based on understanding of 
post-assembly molecular arrangements in the PEMs.  Based on these gold binding mechanisms, 
the film assembly and post-assembly processing conditions were manipulated for systematic 
control over the size and spatial distribution of the gold nanoparticles in the multilayers.  In-
depth study over the post-assembly molecular rearrangements in the multilayers provided 
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insights into the swelling transition that ultimately led to the design of reversibly swellable 
nanotubes. 
Chapter 3 presented the design and synthesis of reversibly swellable nanotube arrays based on 
understanding of the pH-triggered molecular rearrangements in the PAH7.5/PAA3.5 multilayers.  
The reversible swelling-deswelling transition of the PEM nanotube arrays was observed in situ 
using confocal fluorescent microscopy.  The large dimensional change from the swelling 
transition was further utilized to actuate the simple movement of surface bound colloidal 
particles.  Mechanisms of molecular reconfigurations occurring during the swelling-deswelling 
transition in solution and the resultant effect on the dry film were discussed. 
Chapter 4 examined structural-mechanical property relationships of the PAH7.5/PAA3.5 
nanotube arrays.  Force-displacement curves of the tube arrays were measured with indentation 
experiments, while the effective modulus of the tube arrays was calculated using a Hertz 
substrate-corrected model.  The effect of the extent of swelling, inter-tube distance, tube wall 
thickness, and tube cross-sectional area on the overall modulus of the tube arrays was examined.  
Simulated nanoindentations were conducted with FEA to provide insights into the additional 
deformation mechanisms and stress field only observed in the tube arrays. 
Chapter 5 presented a method to control the wettability of the PAH7.5/PAA3.5 nanotube 
arrays by altering the membrane opening structure through a plasma etching process.  Water 
contact angles and SEM images of the tube arrays revealed the dependence of water wetting 
behavior on the altered tube opening structure. 
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Chapter 6 presented preliminary work on the synthesis heterostructured nanotube arrays 
composed of PEM systems each responding to a different stimulus, including pH, temperature 
and magnetic field. 
Chapter 7 presented preliminary work on the synthesis of HA/CHI nanotubes and the study of 
interactions between living B-cells and these free-floating nanotubes. 
 
Future Research Directions 
The introduction of the concept of surface bound polymer nanotube arrays opens up many 
other possibilities, including the design and synthesis of cell-interacting nanotubes, multi-
stimuli-responsive heterostructured nanotube arrays, and anti-fouling nanotube arrays.  
(i). Alternative template options.  Track-etched polycarbonate membranes were mainly chosen 
as the sacrificial templates in this project because of their commercial availability and the 
compatibility of the PEM and the solvent that dissolves them.  However, there are a few 
shortcomings with these membranes, mainly: (i) the random arrangement and orientation of the 
pores, resulting in tubes with similar non-regular pattern features, and (ii) the lack of choice for 
membrane thickness and pore density (including distance between pores), limiting the length and 
spatial density of the tubes that can be created.  As a result, it is desirable to explore other 
templates, especially in fabricating a customized nanoporous membrane.  Example of a possible 
method is to prepare a thin sheet of polymethacrylate (PMMA) (e.g. via dip or spin coating) and 
create holes via photolithography or focused ion beam.  The advantages of creating a customized 
template include the ability to design pores of different geometries (e.g. square, rectangular, lines 
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etc) and the complete control over the distance between the pores, tube arrangements, and tube 
length.   
(ii) Multi-stimuli-responsive heterostructured nanotube arrays.  The design and synthesis of 
heterostructured nanotube arrays discussed in Chapter 6 demonstrate the versatility of the layer-
by-layer assembly approach and the template-based nanotube array synthesis method.  While the 
fabrication procedure of heterostructured nanotube arrays was discussed here, characterization of 
the multi-stimuli-responsiveness of these nanoconstructs would be very interesting.  
(iii) Cell-interacting nanotubes.  Chapter 7 presented preliminary work on synthesizing free-
floating nanotubes with cell-interacting biopolymers.  However, it would be even more 
interesting to design nanotubes that interact with cells at a specific position and/or orientation.  
One possible way of doing so is by first depositing PEMs that do not interact with cells onto the 
membrane (e.g. PAH7.5/PAA3.5) followed by the HA/CHI PEM system.  The resulting 
nanotubes may still interact with cells on the edges if the HA molecules were reachable.  A way 
of further improving the accessibility of HA for the cells would be to deposite a layer of HA onto 
the plasma-etched membrane before membrane dissolution. 
(iv) Anti-fouling nanotube arrays.  Research has shown that among other factors, one way to 
limit protein adsorption is by designing a surface with a geometry such that the protein cannot 
adsorb to the surface with an appropriate conformation.  The nanotube array geometry can be 
varied, either by using membranes of different diameter that come with different spacing or by 
custom designing templates with specific geometries, so that protein adsorption can be reduced 
or eliminated.  
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(v) Alternative method for synthesizing free-floating nanotubes.  Chapter 7 presented a method of 
synthesizing free-floating nanotubes, which involved the elimination of the membrane placement 
to a permanent substrate process and a more robust plasma etching and mechanical rubbing 
procedure to remove polymer buildup on the membrane surface.  A possible alternative method 
would be to first deposit releasable hydrogen-bonded PEM system, composed of polymers such 
as PEO and PAA, onto the membrane followed by the desired PEM system.  After plasma 
etching on both sides, nanotubes can be released from the pores by immersing the membrane in 
water at a high pH.  In this case, membrane dissolution would not be necessary.  It should be 
noted that larger pore size may be required, as these releasable hydrogen bonded system 
generally require a minimum thickness to be able to be released at high pH. 
 
